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ABSTRACT 

Plasma measurements were made with a detector aboard 

the Esrplarer 10 satell i te,  launched on a highly elongated el- 

l i p t i ca l  t raec tory  with the l ine of apsides about 33' t o  the  

anti-solar direction. 

carried out on Explorer 10 by the C o d M  Space Flight Center 

of BASA. 

Magnetic 'field measurements were also 

A plasma moving with a velocity of about 300 krn sec'l 

was first observed when the  s a t e U t e  reached a distance of 

about 22 earth radii. 

(which terminated about 40 hours later, at a distance of 42 

earth radii) 9eriods ic k%ich s a s t a n t i a l  plasma fluxes were 

recorded alternated with shorter periods i n  which the plasma 

f lux was below or just above the detection l i x o i t .  There w a s  

a striking correlation between the plasma flux and the magnetic 

field: 

was nearly radial A.am the earth, while i n  the presence of 

plasma, the field was irregular and generally formed large 

angles With the earth-satellite direction. 

During the remainder of the observations 

i n  the  absence of plasma the magnetic f ie ld  direction 

The plasma probe did not provide accurate information on 

the direction of the plasma flow, but placed the direction within 

a "window" of abaut 20' X 80°. 

pointing radially amy *om the sun. 

This window includes the direction 

The flux densities of the positive ions (presumably protons) 

correspoading t o  the observed currents were of the order of a 
0 few times 10 ag2 eec". They fluctuated over a range of about 

a factor af tr0 dmhg the periods when plasma was observed. 



I IN!PRODUMTON 

me purpose of this paper is t o  present the rests of 

plasma measurements perfamed W mlarer 10 (1961 m a )  i n  

the near-by interplanetary mace and t o  discuss them i n  re- 

lation to the maepetic field masure!ments made aboard the same 

vehicle. 

recently (Heppner, Ness, ScesTce, and Skillman, 1963). 

follows, we s h a l l  refer to this paper as “ss. 

on both experiments hgoe been presented at various scientific meetings 

(Bridge, Ililwur‘th, Lazarus, Won, Rossi, and Scherb, 1962; Heppner, 

Nessr Skillman and Scearce, 1962 a, 1962 b; Rossi, 1961, 1962; 

Bridge, 1%2; Bonetti, Bridge, Lazarus, Won, Rossi and Scherb 1962 a, 

A Ary report on the l a t te r  measurements has agpeared 

In what 

Preliminary reports 

1962 b). 

A t  the time when the instmuentation for Ebqplorer 10 was being 

planned, there were no direct observations of interplanetary plasma 

and the only indications f a  i t s  exSstence came from arguments 

based on various kinds of indirect evidence. Such evidence included 

the behavior of comet tails, the scattering of solar Ught fromthe 

distant solar co~ona and the zodiacal cloud, the occultation of 

point-like radio 8ources passing in  the general vicinity of the sun, 

correlations befween eolar phencam?n8 and geophysical effects, and 

cosmic-ray observstions indicating the existence of an interplanetary 

magnetic f i e ld  which was difficult to explain i n  the absence of a 
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For a review of d d e n c e  based on the observations mentioned 

here, the reader macp cQILsult, for example, a pqer by Ross2 (1962). 

While It WBB generally accepted that at least  the inner 

part of the solar system ahould be fi l led with a dilute plasma, 

presumably- oi solar cmig5n and ccmeisting 

ionized hydrogen, the eetbtstes concerning the density of this 

plasma wrried over a very wide range, fram a few particles t o  

of fully 

several thousand particles per cm 3 Similar uncertainties 

existed with regard t o  the mgnitude and direction of the plasm 

velocity, t o  i ts  teiuperature, etc. 

requirement i n  the design of our instrument was that it should 

be cqpable of providing meaningful results under a great variety 

of possible Situations. 

limitations in weight, puwer, and Pelemetering capability, made 

it necessary t o  sacrifice accuracy far r euab i l i t y  and dynamic 

Thus, the over-riding 

!Phis requirement,together with severe 

range. 

While the preparations far Explorer 10 were under way, 

Soviet scientists flew plasma probes on a number of space 

vehicles, SpecIficaUy LunW 1 (launched i n  January, 1959), 

Lunik 2 (launched i n  September, 1959), Xamik 3 (launched i n  

October, 199)  and Venus ik  (lapmcched in February, 1961). 

probes could operated BO as t o  detect either positive ions of 

dl energies, m electrons with energies above 200 ev. Their 

These 
be 

h 

construction cansieted essentially of a C O ~ e C t a r  plate with two 

grids in front of It. The inner grid c d e d  a negative potential 
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intended t o  strpplress Ihotqelectrlc current frm the collector; 

the cuter grid w a ~  given different positive or negative potentids 

with respect t o  the body of the satellite in  mder t o  obtain 

some hf'amation on the energy of the plasma ions. 

tions made during these flights were published partly before, 

partly as"ter the flight of mlorer 10 (etngsuz, ~ezrukim, 

Ozerop and Wbbchinsldi, 1960; Gringauz, Kurt, Mmoz and Shklovskii, 

1960 a, 1960 b; Cringauz, 1961; Gringsuz, Bepuhikh, Balandina, 

Ozerov and qbchinskii, 1962). Most directly pertinent t o  our 

problem are the following points: 

(a) Lunik 2 waa fired way Frun the 8 U l l o  

this vehicle was kalntained frc9n take-off t o  a distance of about 

3 earth radii (Re), and then agsin A.m 39 Re to impact on the 

moon. 

-ion currents were observed, indicating the presence of a stationary 

The observa- 

Radio cm+act with 

In the'earlg p& of the flight ftzp to tibout 4 Re) positive 

plasm, swept into the probes by the mution of the vehicle. 

positive-ion currents above background were detected from 4 Re t o  

9 Re. B l x m ~  39 Re to the end of the flight, the probes indicated 

a flux of positive ions w i t h  a density af about 2 X 10 particles 

cm2 *eC'l . 
outer grid, shored tbat the energy oi these ions )FB~ greater than 

15 ev, but did not allcnt a xm precise detemdnation. No infor- 

mation &out the direction of' the fon flux was obtained. 

(b) Tpmik 3 was launched in the general direction of the sun. 

An obsematlm made at about 20 Re revealed a flux density of 

&aut 4 X lo8 posititre ions em-* sec''; the ions appeared t o  

have energies caneider&ly greater than 20 ev. 

No 

8 

Meaaur~ts made w i t h  different volteges on the 

Other resdings, - 



taken at larger dist8nCeS, did not re'peeilany detectable ion flu, 

(c) Venusik was launched in the general direction of the sun. on 

at least  one occasian, when the vehicle was at a distance of 297 Re, 

definite evidence for aposit ive ion flux was obtained; the density 

of t h i s  faux was about lo9 particles sec . -1 

It should be noted that, even though the supressor grid 

ef..tminated "direct" photoelectric currents the collector, 

"inverse" photoelectric currents (see  section 11-B) were sti l l  

present. 

placed a laUer Umit of the order of l0 uno* sec" t o  the detectable 

In  most of the measurements, these currents seem t o  have 
a 

flux density of positive plasm ions. 

II MsTRupIIENTATIm 

A. Particle Fluxes in a Moving Plasm,  

me pr- purpose of. the plasms measurements performed by 

Btplorer 10 was t o  provide data em the density of the plasma, on 

the direction of its bulk motion and on the magnitude of its bulk 

velocity, Vo. The bulk velocity is here defined as the velocity 

(relative t o  the satellite) of the frame of reference i n  which 

the total  momentum of the itme and 'electrons contained in  a volume 

element of the plasma vanishes. 

formation would be obtained c o n c m  the randam velocities of 

the plasma particles in this frame of reference. 

t o  these velocities 88 "thm" velocities, without thereby 

implying that  the plasma fulfilled the ccmiUtians required for  

the definition of a ~eIUpr3ratWe (bbxwe~an velocity distributfon 

It wa8 also hoped that scppe in- 

We shsll refer 
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for each kind of Particle, equipartition of energy between the  

various comganents). 
~heq>e of the 

In  general, the,,sf@ud. frcm the plasma probe is determined 

by the directional distribution and the energy spectrum of the 

charged particles i n  the llaaving plasma. 

the ccmponents of the plasm, e.&, the electrons ur the positive 

ionsi 

are very smell compared with the bulk velocity Vo, then the 

particles fona a practically p a r a l l e l  beam having a single 

energy Eo given by Eo = 112 mVo . 
me very large ccarpared With V,,, then the particles have an 

energy w w t m  which practically depends only on their "tenperatwe", 

and a directional distribution which i s  practically unrelated to 

the directicm of motion Of the plasma 88 a whole. 

k t  us consider one of 

E the "thenaal" yelocities OP the particles i n  question 

2 If the "thermal" velocities 

If the 'tthermaltt 

velocities are 

velocity, then the particle beam, while no longer parsllel, is 

sti l l  strongly colllmnted in the direction of Vo. 

the beam, whlle no longer eranoenergetic, has an energy spectrum 

strongly peaked ne- the energy Eo = 1/2 mVo mre  precisely, 

the mean aagular epreed of the be- will be of the order of 

but nut negligible compared with the bulk 

4 

Likewise, 

2 

where vI i s  the average magnitude of the "thermal" velocities 

perpendicuLar t o  the bulk mat;ion. SimLlarly, the mean fractional 

energy spread will be of the  order of 
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where vf is  the average magnitude of the "thermal" velocities 

psrallel t o  the bulk motion. E the dlstributiun of nthermal'l 

velocities 1s i s~rop ic ,  then v1 = vll ,  end Eqs. 1 and 2 establish 

a connectiori bemen the angular spread and the energy spread of 

the observed plasma particles. 

If there werecquipartition of energy between electrons and 

positive ions, then the "thermal" velocities of the two lrinds of 

particles would be inversely prqportional t o  the square root of 

their  masses (e.g., prutons would be modng 43 times m e  slowly 

than electrons). 

t o  belleve that such an equipz%itiim is 

it is still reasonable t o  assume that  the "thermal" velocities 

of the h e m  positive ions cuemuch smaller than those of the 

Although, as noted above, there is no reason 

w t u d . ~ ~  achieved, 

electrons- 

plasma is much mare clearly recognizable in the directional 

Thus, we ndg;ht expect that the bulk motion of the 

distribution and I n  the energy distribution of the positive ions 

than in the corresponding di8trib~tiOnS of the electrons. 

Actually, it t u r n s  out that  measurements on the electron 

ccaqmnent would nut provide reliable infarmation on the bulk 

matian of' the pLasma, even if the "thermal" velocities of the 

electrons vere mall. canpared wlth the bulk velocity Vo. 

is because the ldnetic energy of electrons corresponding t o  

reasonable Vd.Ue8 of Vo I s  of the order of several ev at most 

(2.5 ev for Vo = u)o km sec") and because the unknasd 

electric charge of the sgtell i te introduces serious difficult ies 

This 
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i n  the Interpretation of flux measmenrents at these very low 

energies ( see section IV-A below), 

Another reason why measurements of electrons are of less 

direct value than measurements of positive ions is that, 

presumably, the s a t e U t e  is surrounded by a cloud of photo- 

electrons: ejected f’rcm i ts  surface by the solar radiation, 

electrons may nat easily be distinguished From those belcmging 

t o  the plasma. 

These 

It is clear, therefore, tha t  the quantity of most im- 

m e d i a t e  interest for our purposes is the flux of positive ions 

rather than t h e  flux of electrons. 

Be Descriptian of the Plasma Probe. 

The instrument used aboard Explorer 10 t o  measure the 

flux of positive ions has already been described i n  some d e t a i l  

in pmviaus publications (Bridge, Mlworth, Rossi, Scherb and 

Iiyon, 1960; Bridge, Lazarus, Ipn, R o s s i  and Scherb, 1962). 

is a device which seperatea the positive ions fromthe electrons 

i n  the plasma beam en*ering the instrument and nmssures directly 

the current I Carried by the positive ione, If the ions are 

si& charged, this current is given by: 

I = (elementary charge x ion flux), 

where the ion flux I s  the total  IlllPiber of ions a t  m i v e  

upon the collect5ng electrode per second, 

During the planning of our e t ,  w e  were‘ concerned 

wt backpound currents produced by the photoelectric effect. 

Estimates gpailable at that t h e  (Eunteregger, Damon and Hall, 

1959) indicated that ultraviolet rays incident on a metal plate 

(3)  
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facing the sun would produce a photocurrent of the order of 

c m  

currents; unless suppressed t o  a very large extent, it would have 

probably made it impossible t o  detect a plasma flowing f'romthe direc- 

tion of the sun. 

snq, 
-2 

This current was new the upper l i m i t  of the expected plasma 

The probe, vhose schem&ic design appears in Flg. 1, consisted of 

a m e t a l  cup containing several plane grids (Gl, G2, G , Gq) and aplane 

collector plate  (CP). 

of the satell i te,  i n  such a way that gr id  G1 (which closed the cup) was 

p a r t  of the satelUte's  skin. Grids G1 and G were directly attached t o  

the b d y  Uf ?&e Uehkk,  wh=se MeIltial we sha l l  t&e as zerc, 

collector plate CP was also connected, through a resistor, t o  the body of 

the vehicle. 

volt s . 

The cup was mounted i n  a hole on the outer w a l l  

3 
p.e 

G r i d  % was kept at a constant negative voltage of 130 

In order t o  understand the operation of the probe, suppose first 

t h a t  grid G2 i s  at zero potential, and consider what happens when a neutral 

plasma flows into the probe. 

l ess  they have energies greater than 130 ev. 

gr id  or t o  the w a l l s  of the cup. 

go through Gb and strike the collector, produciw a current I as given by 

The plasma electrons cannot traverse $ un- 

Therefore, they flow t o  another 

The positive ions, on the  other hand, 

Eq* 3. 

The negative potential of $ not only stops the plasma 

electrons but also prevents the =Cage of photoelectrons emitted 

by the collector 8 when 1% is  exposed to S U g h t .  

suppresses the so-called "direct photoelectric current" 

Thus, % 
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which otherwise wvuld add t o  the plasma current ( i n  addition, 

it suppresses secondary electron emission due t o  the impact of 

charged particles on CP). 

the collector onto t h e  rear surface of % does produce a photo- 

electr ic  current, usually referred t o  88 "reverse photoelectric 

Current", Vtrich sribtFwts fram the plasma current (as already 

noted, tbis current appears t o  have been a serious background 

effect 

Howwer, sunlight reflected by 

the masurauents made by means of the Saviet probes). 

Suppose next that, keeping the other grids at the fixe?. 

voltages specified above, we apply t o  G2 a voltage that variw 

rapidly aci periodicaliy between zero and a positive value suf- 

f ic ient ly  high t o  stop the positive ions. 

I s  periodically inten-upted, whereas the inverse photoelectric 

current I s  not affected In any way. 

ren t  W i l l  contain a doc. component which depends both on the  

positive ion flux and on the inverse photoelectric current, 

and an a.c. cauponent which depends only on the positive ion 

flux. gY sorting out the a.c. cmponent of the collector current 

we can nuu measure the positive ion flux without interference 

from photoelectric currents. 

The positive ion flux 

Thus, the collector cur- 

Any cqmcltive coupling betwen the lnodulerting grid % 
and the collector plate CP YQUld cause a spurious signal t o  

w e a r  on CP. 

dded t o  reduce t h i s  effect t o  a negligible value. 

also prevented modulation of the Inverse photoelectric current 

between 6 and 

Grid G (a of close-spaced bronze mesh) was 

This gr id  
3 
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W e  have neelected 80 far a possible contribution of electrons 

w i t h  sufficiently' high energy to overcane the retarding potential 

of %. 
electrons; however, It may slightly change the n d e r  of electrons 

reaching the collector 8 because the transmission properties 

!Che posltlve pulsating voltage of G2 will not stop these 

of <ne grid system may depend on the electric f ield distribution 

between the grids. Thus, the electron flux on the collector may 

be sYghtly modulated and it will then contribute t o  the observed 

a.c. cauponent bf the collector current in proportion t o  the degree 

of modulation. 

the results are descrned below, 

This question w8s investigated experimentally and 

respect t o  the narmal t o  the probe, the pulsating voltage 

necessary t o  modulate Ions of energy E A s  

Vm = E C O s 2 6  . 
Ih our probe the collector CP had an area of 121 cm2, 

and the codined transparency of a l l  the grids was 23 percent 

(the shield grid C by i t s e l f  had a transparency of 36 percent). 3 

The use of a pulsating positive voltage t o  mdulate the 

positive Ions not only eliminates unwanted background effects, 

but also a f k r d s  the posslbillty of m e a s u r i n g  the energy of 

the ions. In fact, It is clear that if singly-chaged ions 

w i t h  energy equal t o  E ev are incident perpendicularly upon 

the probe, the minimum amplitude of the pulsating voltage 

needed for their  modulation i s  Vm = E. 

a.c. current produced by a m o d u l a t i n g  voltage Vm is  a measure 

of the total  flux of 6i- charged Ions with energy E < Vm. 
If, on the other hand, the beam is Incident at an angle d with 

In ather words, the 

(4) 
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Thus, the effective area Of collection for normal incidence was 

2 

For oblique incidence, the effective area of collection 

28 uu . 

A is a decreasing function of the angle d between the ion 

beam and the normal t o  the sup. We cmputed the dependence of 

A 

variatian of the grid transparencies. 

putation i s  shown i n  Fig. 2 (dotted curve). 

the probe was completely insensitive t o  ions incident at angles 

greater t u  63 

d from the geometry of the probe and the estimated 

The result of th i s  com- 

It is seen that 

0 t o  its m r m i ~ .  

The modulating voltage wa8 appUed in the form of a square 

wave with a frequency of l b 0  cycles per second. Six different 

m l i t u d e s  were used; Le., 5 ,  20, 80, 250, 800 and 2300 volts. 

(Since it was inconvenient t o  obtain pulsating voltages vsrying 

over such a wide range f r o m  a single supply, we used, i n  place 

of G2, two separate modulating grids connected t o  two separate 

supplies, one providing the lower three modulating voltages 

and the other one pruviding the higher three modulating voltage&). 

A block diagram of the electronic system appears in Fig. 1. 

m e  collector CP was capacity coupled t o  a wide-band a.c. pre- 

wlifier which had an input impedance of l5,OOO ohms. This was 

followed by a narrow-band f i l t e r  tuned t o  the modulation fre- 

quency, by a caanpressim (nan-llnear) amplifier with a dynamic 

range of about 5,000, and by awif ie r .  

in the raage f r o m  0 t o  5 volts, y a ~  applied t o  the input of 

the telemetering system, 

The rectified signal, 
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The lower U n i t  of the measurable a.c. current (determined 

by the WUfier noise) was abaut 2 X 

(determined by saturation of the autplHier) was &out 

Thus, f o r  perpendicular Incidence, the minimum detectable flux 

density (flux per unit area) Was about 4 X 10 6 s i n g l y  charged par- 

amp. The upper limit 

amp. 

t i c les  mo2 mcol; the 

particles ano2 sec'l, 

mreasurale flux aensity was &out 2 x IO 10 

The collector CP was also directly coupled t o  a doc. amplifier 

through a 1- megohm resistor. The useful range of this Eonplifier 

wa6 *am aatt 10-7 to 5 x 10-7 -. 
c. The E q L m e r  3.C bnflg-mation. .. 

Fig. 3 shows the structure of Explorer 10 and the location of 

the various instruments eboard this satellite. 

The instruments used for measurements of the magnetic f ie ld  

included a rubidium vapor magnetaneter and tn, flux-gate magneto- 

meters (see RRSS). 

The satel l i te  spun around i ts  axis of symmetry (see Fig. 3) 

with a rotation period of 548 milliseconds. 

sensor, jnstrumented by the Goddard Space Flight Center, provided 

information on the mientation o f t h e  spin axis and on the instantaneous 

angular position of the various instruments with respect t o  a plane 

A sun-earth-moon aspect 

passing through the spin axis and the sun. 

!The normal t o  the plasma probe wa6 perpendicular t o  the spin 

Thus, during each rotation it swept art a plane which we 

As explained 

axis. 

may ca l l  the "equatorial" plane of the satellite. 

&me, the probe was only sensitive t o  ions ?mident 



a t  angles smaller than 63O dove or below t h i e  plane. 

If the "thermal" velocities of the ions are not large 

compared with the bulk velocity Vo, the current recorded by 

the probe varies periodically with the rotation of t h e  satellite. 

One should acpect that it reaches a maximum at the time when the 

angle d between the normal t o  the probe n and the vector -Vo 

has i ts  minimum value; Le., when the probe looks as closely 

as possible into the plasma stream. 

as a function of t ine ,  1% is convenient t o  introduce the angles 

defined i n  Fig. 4, i.e. the angle 01 between -"t and the equatorial 

plane of the satell i te,  and the angle 

-s a 

In order t o  express d 

0 

between 2 and the 

projection of $o Onto t h l a  plane. As the satel l i te  rotates, a 

remains constant, Q 
instantaneous value of d 

Increases unifarmly with t i m e ,  and the 

is given by: 

COS d = cos a case . ( 5  1 
The shape of the current signals from the probe (collector 

current I vs.Q 

ion beam and on the value of the angle a. 

consider the case of a parallel beam. 

) depends on the degree of collimation of the 

As an example, l e t  us 

If a = Oo, then d = Q 
and the computed signal is Illustrated by the dotted curve i n  

Fig. 2.  Using thie curve and Eq. 5, one can easily compute the 

expected height and shape of the signalsproduced by parallel  

beams incident at say angle a between 0' and 63O. 

We have CCrnaidered thus fer a situation i n  which the 

nodulating voltage V' is hi@= than the kinetic energy E of 
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the ions; i n  th i s  Case, 

of incidence. H o w w e r ,  If Vm E, modulstion OCCU~B only when 

the angle of incidence I s  greater than the angle defined by 

Eq. 4 (provided c f  is smaller than 63' - the maximum angle of 

modulation occurs at all w e s  

acceptance of the probe), Thus, for cos2 63O < Vm / E<cos 2 a, 

the  current signal obtained during the rotation of the satellite 

w i l l  have a characteristically "horned" shape euch as i l lustrated 

in Fig. 5 for the case of a = 0 

D. Laboratory Tests. 

0 

Prior t o  the flight, we subdected the probe and the associated 

electronic circuits 'to extensive hiboratory tests, and other tes t s  

=re made after the fl ight on a dupllcate of the flight unit. 

The probe vas placed i n  a vacuum system and exposed t o  

pprallelbeams ob protons of variaus energies and at various 

angles of incidence. 

for each angle, there w88 a sharp lower limit, Vm, for the amplltude 

W e  thus verified that for each energy and 

of the 

agreed 

signal 

voltage necessary t o  modulate the proton beam, and that V 

with the value given by Eq 4. Above th i s  l i m i t ,  the a.c. 

was found t o  be independent of the modulating voltage. 

m 

It was also verified that even the highest modulating 

voltages did not produce a detectable signal through ceac i ty  

coupling of the modulating g r i d  t o  the collector plate. 

I n  order t o  deteradne the Importance af photoelectric ef- 

fects i n  the cup, ye placed I n  the vacuum system a source of 

d.trtrvlolet rays whose intene5t)r at the probe waa about one 

third the intensity of solar ultraviolet rays. At the beginning 
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of the test, a 

the probe had been thoroughly outgassed. W e  at tr ibute this  signal to 

photoionizatian of the residual gas. 

signal was detected, but it disappeared when 

The probe ~ 8 8  ewosed t o  a beam of electrons of sufficient 

energg t o  over can^ the retarding potcentid. of %. 
was Observed C O r r e S p O n d i n g  t o  8 p a r t i a l  modulation of the electron 

fluoc, the degree of' modulation dependung somarhat on the electron 

energy and on the moaulating voltage. 

usudly one t o  three percent of the tdal flux, i n  no case larger 

than 5 percent. Thus, k h  probe, %%€xi qer&ed as aescribed, detects 

only a smal l  fractinn 02' the high-energy electrons that may be present 

i n  the planmn 

Eul 8.c. signal 

The modulated component was 

Uslng  a well-defined narrow beam of electrons, and keeping 

~2 at zero potential, we tested the  geometrical response of the 

probe, i.e.,the dependence of the effective area of' collection A on 

the angle of incidence The solld curve 5x1 Fig. 2 represents 

the results of these measurements. !Chis curve ma;y be compared with 

the cauputed response curve (dotted In Mg. 2), both c u ~ e s  having 

been narmallzed t o  A = 1 at normal incidence. 

ference in the c u t - 0 ~  w e ,  the experimental curve is  about 10' 

wider than the computed cume 8t hslf height. 

. 

while there is no d i f -  

Ih what follows, we 

refer t o  the solid curm I n  Ng. 2 as the geumetric response curve 

of *e probe and WE s h d l  w e  this cur~e in the analysis of our data. 

!?!he geanetric rerrpcmse curve and 

the effective area of collection A a8 

a d  e (see m. 4). CLIr'WZs showing 

Eq. 5 can be used to compute 

a function of' the angles 

A vs e for various values of CX, 



normalized t o  A = 1 far perpendicular incidence, appear in Fig. 6. To  

bring out more clearly the differences among the shapes of these curves, 

we have replutted them in Mg. 7 SFter normalizing each curye t o  A = 1 

at f = o** 
0 

* These curves differ sanewhat i n  shwe fYom those sham i n  Figs. 10 - 14 

of our previous CwDmmicatiun (Bridge, Mlworth, Lazarus, won, Rossi, 

and %herb, 1962) because of a plotting error i n  the earlier curves. 

- 
Ve also wecl the narrow electran team and a deep Faraday well to 

make an absolute calibration of the probe for normal incidence. 

MnaUy, we testedthe effect cat' the electronic circuits on the 

signals by putting In pulse6 of homi shf@e and recarding the  corre6- 

ponding output pulses. 

fig. 8. 

incident at dif'f'erent angles t o  the equatorial plane of the  satellite. 

They are represented by curves 

the t i m e  scale adjusted t o  the period & rotation of the 8atelUkh 

There are two main efYects produced by the electronic circuits: (1) 

of the  results thus obtained are Shawn in 

The input ~lgmds  are those computed for paral le l  ion beams 

Mentical t o  those shown i n  Fig. 7, with 

the pulses me distorted by the non-linear anrpLlFler which tends t o  

increase their  width, and (2) the pulses are del- by about 15 

miUlseconds (carresponding t o  @ = 10') due t o  the t i m e  constant of the 

rectifier. 

Mth their  amplitude, so that large pulses are significantly wider than 

d e r  pulses. 

The non-linear distartlon of' the pulses increases rapidly 
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No M e r  significaat distortion of the current si-s 

was introduced by the telemetering circuite, or by the data pro- 

cessing e q u i p n t  on the  grcnmd. 

The fl ight of Explorer 20 is described i n  detail i n  HISS. We 

recal l  here its main features. 

The satel l i te  was placed into a very elongated el l ipt ical  

trajectory with amagogee of 46.6 earth redii (Re). 

wsi~eii vas abwi 33' t o  cne mtiso~ar direction. 

The line of 

Fig. 9 shuws the trajectory in a solar-ecuptic Cartesian frame 

of reference, with one of the coordinate planes parallel  to the 

ecliptic, and mother perpendicdar t o  the sun-earth l ine (whichApracti- 

cally the 1s- 88 the~sun-ea-kellite me). 

Jections of the orbit onto the three coordinate planes, and Fig. 11 

describes the frame of reference that we shall use to specify directions; 

the angular coordinates ere. t he  ecliptic latitude 8, and the solar 

ecliptic longitude fl (measured eastuard fraa the earth-sun l ine) .  

was 

Pig. 10 shows the pro- 

Fig. I2 is a Mercator prodection of the celestial  sphere dram 

using jit as absisaa anti 8 aa ardinate. 

(a) the spin axis mientation "A*(Wch ~ 8 8  fixed throughout the 

mown on this mag are: 

flight); 

(b) the plane "n" traced by the noIplziL t o  the probe during the 

rotation of the vehicle (notice that the sun-vehicle l ine made an 

angle of eo Mth this plane); 
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(C) The Plane "P" which contained the spin axis and the direction 

t o  the sun; 

(d) The regions (shaded mal areas) for which a > 63O. 

t i v i ty  of the p r o b e  w88 a maxiWrm dong the  plane "n" and dropped 

gradually t o  zero art the batmdary of these regions. 

The sensi- 

s&el.Ute vaa powered by ckeadcal batteries, which pwided  

reliable operatian for abm' 50 hours, during which time the satel- 

l i t e  reached a geocentric distance of about k Re. 

Fig. 13 shm the telemetering sequence. One sees that during 

a te leq ter iag  Cycle, l as t ing  148 seconds, 5 seconds were assigned 

to the plssmti probe. 

an internal P r o g r s D n  Eind Yere used t o  transmit sequentially the 

following data: 

(a) a marker signal; 

(b) the output signal of the d.c. q l l f i e r ;  

(c) the output signal of the 8.c. a m p l i f i e r  as the probe was operating 

with one of the six modulating voltages, 

-6e 5-6eCOad bfAzrwd.6 were subconmutated by 

'Ibus, a caarplete plssnta probe sequence consisted of eight tele- 

metering cycles ma lasted WC'. 
Because of the low sensitivity of the doc, aplifier, no current 

measurements were obtained in the doco mode. 

As explained in ENS, the rubidium vapor magnetometer operated 

Thus, the satisfactmily only during the ear ly  past of the flight. 

magnetic f ie ld  mea8urem?nts that are of interest for a comparison with 

the plagma m e a s u r ~ s  at large geocentric distances Were obtained 

with the flux-gate raegnefCaU?tW6, Ae seen Fraa Fig. 13, the flux-gate 
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measurements were mde imaediate3y beiare the plasma ~m2agur-t~. 

Iy cimERALReSUIlPSr 

The flight of srtplarer 10 may be divided into four periods, 

characterized by distinctly M e r e n t  conditlans of the plafimn and the 

magnetic field. 

A* First Period (3-25-1517, R = L O  Re, t o  3-25-1@9, R = 3*9Re). 

The first 

March 25, 

w8s at an altttude ~f about 200 mdmeters (geocentric distance 

R = 1.03 R ~ ) ;  the m&d.a%* Poltage m s  a e n  2i) v~lts.  

fr0m the plasm probe was received at 3-25-1522 

# UT), about 5 minutes af‘ter liftoff when the s a t e U t e  

Barn that time unt i l  3-25-l610, when the satel l i te  was at 

B = 3.0 Re, a plasma current YBB detected whenever the probe w86 

aperated with any one of the six different modulating voltages (except 

i n  two cases, occurring at the 2300 volt modulating level, when noise 

obscured the telemetered signal). 

metering intervals, the current varied periodically with the rotation 

of the  s a t U t e ,  the mmdmm occurring at the time when the normal 

t o  the probe came closest t o  the direction of‘ motion of the s a t U t e .  

The current maxima obserped with the variaus modilatiw voltages, when 

platted sgainst geocentric distance, 

indicating tha t  the current was independent of the  modulating voltage 

(from 5 t o  2300 volte). 

,&out 9 X loo8 s ~ n p  at R = 1.03 Re to  a value of about 2 X 10-loamp 

During each of the  5-second tele- 

close t o  a smooth curve, 

The current peaks decreased *can a value of 

at R = 3.0 Reo 

The above results can be understood if one assumes that during 

a i s  part of the f l igh t  the satellite was moving through a relatively 

stationery p-. 

t o  the e m  -led Frau abaut l.0 t o  about 5 bnr set" (the maKfmum 

to 3 Re, the velocity of the sa te l l i t e  relative 
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velocity during the acceleration period w88 10.9 km sec.3 I)~&QEE at 

r e s t  with respect t o  the earth would have kinetic energies of a few 

tenths of one 

respect t o  the satell i te,  

observation, that Atll modulation of the plasma current occurred at 

the 5 volt level. 

oxygen QT nitrogen ions energies of a few ev, with 

These energies are consistent with the 

!The order of magnitude of the current is consistent with the 

ion densities deduced from WstLer  data ( M t h  and Helliwell, 1960). 

There are, however, several r e a ~ m s  why it is dif'ficult t o  draw firm 

quantitive conclusions A.am the observstions made during this period: 

(a) m l o r e r  10 reached a distance af 3 Re in less than one hour; thus 

this observation period includedless than three complete telemeter- 

sequences. 

(b) It is known that  a satellite in orbit acquires a certain electric 

potential with respect t o  the medium as a result of (1) the differential  

velocity of electrons and positive ions in the surrounding plasma, 

(2) the photoelectric effect due to  solar ultra-violet rays and (3) 

the secondary electron emission due t o  bambardment of high-energy 

particles. 

negative, the two last act in the ogpasite direction. 

the resulting potential, which might be of the order of a few volts, 

changes with altitude; during the flight af ExplWer 10 it might even 

have reversed its sign. 

the flux of low-energy positive Ions into the probe. 

(c) The probe was not yet aawpkte3q outgassed. 

l&oratary (see eection II-D),  incaqlete outgassing makes the probe 

The first effect ten& t o  make the sa te l l i t e  electrically 

Presumably, 

Such a potential would substantially affect 

As we had found i n  the 
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slightly sensitive t~ electramagnetic rsdfatfa cw&le of iodziw 

the residual gas. 

secondary maxima, corresponding t o  currents of about loq1* amp or less, 

began t o  appear at the highest moaulating voltages. 

cured when the noraaal t o  the plasiua probe came closest t o  the so- 

direction. 

solar U.V. or X-rays. 

been observed i n  the earlier part of the fl ight becaruse the plamna 

currents were s t r q  enough t o  obscure them. 

In fact, toward the end of the first period, small  

These maxima oc- 

We are inclined t o  ascribe them t o  photoionization by 

Presumably, photoionization currents had not 

!l?he maapetic field measured by the instrments aboard Explorer 10 

during this period did not deviate much fram a reference f ie ld  defined 

i n  HNSS 88 the "main geomagnetic field" (which is an extrapolation of 

the f ie ld  measured near the earth's surface, made under the assunption 

that  the field is entirely produced by 60urces below the region of 

observsti0n)t 

such as might be produced by a ring current at about 3 Re. 

Hawever, there was eane erldence for a s m a l l  perturbation 

During the last telemetering eequence of the first period, while 

the vehicle was m o v i n g  from 3.0 Re t o  3.9 Re, the plasma current de- 

creased t o  a value below the detection limit. 

of the plasme current agrees with the observations of the Saviet scientists 

(see section I). Hawever, present uncertahties concerning the electric 

potential acquired by space vehicles c a l l  for SOHE caution in the inter- 

pretation of these results. 

B. 

This rapid disappearance 

Second Period (from 3-25-l629, R = 3.9 Re, t o  3-26-0408, R = 20.9 Re)' 

In t h i s  period no current6 were observed which could be ascribed 

However, t o  the motion of the S a t e U t e  through a stati- plasme. 



during the first part Of the period the probe continued t o  give the 

small s i w s ,  due 

already been observed at the end of the first period. 

gradually faded glllsp because Of the progressive outgassing of the probe. 

During a h o u r  interval. extending *an 3-26-0001 (R = 16.3 Re) to 

3-26-dso8 (R = 20.9 Re) no currents were recorded at any of the modulating 

voltages. 

t o  ph~oionization of the gas, which had 

These signals 

For OUT pmposes, the most imrportant result of the observations made 

during the second period is that, when the probe WBS sufficiently m3.l 

outgassed, it became practically Insensitive t o  sunlight, which confirms 

the results Pf our laboratcry tests; 

pravlded a check on possible disturbances of the electronic equipment. 

The only disturbaaces detected were sane CLllOmaUes appearing occasionally 

i n  the 2300 volt m o d u l a t i o n  atode. 

due t o  the large currents In t he  circuit supplying power t o  the modulator) 

included: 

on-time of the probe, and (2) an occasionel abnarPsal shif% i n  the zero 

level of the output signal. This shift in level may have obscured 

m plasma currents (corresponding t o  less thsn 1.5 x lo-'* emp; 

In addition, these observations 

Such anmalies (which were probably 

(1) an occas~onel premature termination O f  the normal 5-second 

(see section V-c)* 

* In this connection, we note that even under normal undisturbed 

conditions, the zero level. w b ~  slightly shiFted when the probe was 

operated at the 2300 volt PodIdation level; we attribute this shift 

t o  insufficient electrical  Isolation of the amplifier From the modulator 

circuits. 
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The anannfes noted above persisted throughout the flight; in a 

number of cases they msde it impossible t b  obtain readings at the 

2300 volt modulstion level. 

(me nearmrements of the magnetic field during the second period 

(see IIASS) revealed a field that  devlated more and mare from the 

*'main geanagnetic field" until, toward the end of the period, the f ie ld  

lines became nearly radial *om the earth. 

decreased grdually, but much more slowly than the "main field". 

near the end of the period (i.e.,beginning a t  426-0250, R = 19.5 Re) 

the field, which had been for sane t ine  near 25.d , began t o  increase 

graduelly. 

field strengths 

The magnitude of the f ie ld  

However, 

Af'ter one hour, it reached a value of about 32x (these 

be C a m g a r e d  w i t h  a value of 6.5 'I( for  the extra- 

polated "mdn field"). 

C. Third Perid (*On 3-264408, R = 20.9 Re, t o  3-27-1437, R = 41.3 Re)*  

Beginning at 3-26-0408, when the satel l i te  was at a geocentric 

distance R 17 20.9 Re, amU plasma currents ( < 2 X l0'loamrp) were 

observed intermittently. ' a -  Then at 3-26-0603 (R = 22.7 Re) much 

stronger and mLFe pereistent signals appeared. 

maugh the plasma currents observed earlier during the first 

period were Atlly modulsted even at,,5 .volt level, substantial modula- 

tion now occurred only at the three highest voltage levels (250, 800 

and 2300 volts), w i t h  an ocCa8ianal smaU signal at the 80 volt level. 

!&is maus that the positive ions of the plasma had energies of the 

the 

order O f  s ~ a l  lnmdFed eV* 

Since Explorer 10 x88 abaut 23 earth radii 8 w ~ y  from the earth, 

it is reasonable t o  asmnne that the  observed plasma, whether of 

t e r r e s t r i a l  ar solar origin, ccmsisted utainly of ionized hydrogen, 

with p e r w e  a W & d x k r e  oli ioaized hellum. In ascussing 
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our experimental results, we shal l  assume that  the positive ions 

detected by the probe were protons. 

ion velocities corresponding t o  the observed energies were of the 

order of several hundred lnu sec", 

under this a s s q t i o n ,  the 

The platam current varied periodically, going through a sharp 

nadmum ilurizig each f.station of the satellite, then falU.ng bel= the 

detection Urmit fur mQTe than half of the rotation period (Fig. 14). 

Thus the positive ions formed a reasonaly well-collimated beam, In 

other words, the "thermal" velocities of these ions were substantially 

m e r  than the bulk velocity of the plasma, 

*er correcting fur the time response of the electronic 

system (see aectlm 11-D), it was found that the current peeks oc- 

curred at abaut the th? when the angle between the nmml  t o  the 

probe and the! direction of the sun was a minimum. As already mentioned, 

this dnhm sngle was about 22'. Making a generaus allowance for the 
-3 

+ experimental, errms, we conclude that the vectar Yo describing the bulk 

velocity of the plasma was within 10" t o  the plane passing througb 

the spin axis of the s a t e U t e  and coStSining the sun-earth direction 

(plane '$" of Fig, 12). 

Since the sensitivity of the probe was zero far cc > 63O, 
3 

the vector Vo waa certnfnlv at an angle smaller than 63' t o  the equatorial 

plane of the satelUte. 

Additional information on the value of the angle a is contained 

in the shape of the current signals. 

spread In the positive Ion beanie a complicating factor i n  the lnter- 

The possibility of an angular 

,Iretation of the observed shapes, BO that a very detailed analysis i s  
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needed t o  extract from the experimental data all of the potentially 

available i a f m a a t ~ ~ *  

hawerer, pre-nsry results place an upper wt of about 40' t o  the 

value of a , Ihus, the possible directions of the " p l m  wind" Fire 

restricted t o  a %indaw" bounded by the ccmes corresponding t o  a = + 40' 

md by the planes at + 10' t o  the pla,ne"p"(see pig. 3.2). 

such Eu1 analysis has not yet been completed; 

- 
Notice that - 

the antisolar direction IS well within this window. 

for CY = bo the effective =ea of collection of' the  probe is 3.7 

times smaller than for a = 0' (see Mg. 2). 

Hotice also that 

me situation described &ove prevailed for tibout 75 percent 

of' the tinre during the period considered here. Hawlever, on several 

occz~sIo~18, and far t d m e  Intervals of the order of huurs, the plasma 

current fen t o  a value below (ur OccasiOnaUy barely above) the noise 

level and then 1st- reappeared I n  AiLl strength (Le., with a value 

mare than 10 t h s  the noise level). !he portions of the trajectory 

where d m t a n t i a l  plasm currents were recorded me marked by the 

heavy lines' in Fig. 10.1 bring the third period, the magnetic fiele, 

as described in ENS, underwent sharp transitions f'ram a situation 

*ere it w ~ l s  nearly radial Auw the earth (as It had been at the end 

of the second period) t o  a situation where it was at a large &e to 

the emth-satelllte line, !J!he chmges i n  the plasma current mentioned 

abuve showed a striking correlation wlth these changes i n  the field 

direction. Substantial plasma currents consistently appeered whenever 

the field Eaanged &an redial t o  nan-radial, and disaippeared whenever 

the field reverted t o  the radial configuration. 

D. Fwrth Period (A.m 3-27-14%, R = 41.3 Re, t o  3-27-1800, €4 = 42.3 Re). 

!Phis period w&8 charrtr?Mzed by magnetic disturbances, which in- % 

eluded the euaden c m m e n c d  of a Orrgnetic starm observed on the earth 
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at 3-27-1503. 

both in the plaxna flux and 

by Explorer 10. 

fluctuations, unt i l  the end of the observations; i.e., for about 3.5 

hours. 

d s o  a considerable increase i n  the mea energy of the p a  protons. 

Later, however, the mean energy =eared t o  return t o  the prestorm 

vdue. 

of the chemical batteries, and the data obtained after this time were 

no longer reliable. 

A t  &out the sp~lpe time, there XBB a s ibe taa t id  increase 

the magnetic f ie ld  strength measured 

These higher intensities persisted, with SOBE 

ming the first two hours of the fourth period, there was 

At  abaut 3-27-1800, the zero-levels shif'ted, due t o  exhaustion 

V. 
* I  

For the reasons explained in 3ectian IT, we have not attempted 

t o  carry aut 'a detailed analysis of the data obtained in the vicinity 

of the earth, but have crmcentrated our attention on the plasma measure- 

ments made in the more distant regions, 

The gwphs i n  Fig. 16 provide en over-all view of these measurements 

and afford a comparison with the magnetometer data obtained by the Coddard 

group. 

the "nondnal" flux densities carresponding t o  the maxima of the signals 

' 4  

The verticinl bars in the bottan'part of th i s  figure represent. 

recorded at the various mdulation level.& 

we mean the numbers of positive, singly-charged Ions per an per sec, 

" n m "  flux densities, 
2 

computed Fram the observed current6 asmaaing normal incidence upon the 

probe. 

mgmit;&c field, and -the angles 

Above tllis grsqph are gr~sphe giving the magnitude B of the 

and 0 Wch epeciQ i t a  direction - 
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(see Fig. n). 
prior t o  their  publication and are identical with those appearing i n  

I1TJss. 

A. 

aese data were kin- provided us by rp. Heppner 

e t ic  Meld Third Period - Correlation Between Plnsmn and ~ a g n  

The cmelsticm between magnitude of the plnfimn current and 

direction of the magnetic field i e  clearly vieible in the graphs of 

~ i g .  16. We shall now exantine it i n  xime de td l .  

Inspection of Fig. 16 shows that during the third period, the 

current signah obtained a t  the 800 and 2300 volt modulation levels 

were9 on the average, nearly equal. Thus, f'ull or almost f u l l .  modu- 

lat ion Of the 

that we mey take the heights of' the corresponding current signals 86 

a measure of the total  "ncmdnsl" flux density of plsgna protons. 

pratcmf~ was achieved at bath these levels, so 

The histogram in Fig. 17 g2wa the A'equency distribution of the 

flux densities observed during the third period, based on a l l  mailsble 

readings at (the 800 and 2300 volt levels. 

It is ale= f'rm this graph t h a t  the observed flux densities 

fall into two distinct groups; a ~ C I W  group, including those cases 

*ere the f l u x  densitymrs below or berely ab- the detection limit 

(4 X 10 6 aao2 sec -1 ), end a broad group peaked s-at above 10 8 cm -2 sec'l. 

We s h a l l  refer t o  the observartlane corresponding t o  the two groups BB 

and strang plasma B i g ~ h 3  respectively. Because of the small - 
n- -of intermediate cases, the distinction between weak and strong 

signals does not depend cr i t ical ly  on the choice of the f lux  density 

used for the separation of the two groups. In what follows, we shall 
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set this limiting flux density at 5 X lo7 cmm2 sec''. 

AS noted, each P~aSma measurementwrrtr preceded, within 

a few seconds, by measurements of the magnetic f ie ld  made by mems 

of the flux-gate magnetoaneters. 

directions of the magnetic field measur& before each of the available 

plasma readings at the 800 volt and 2300 volt levels. 

refer to magnetic fields associated with strong plasma fluxes and 

soUd dots refer t o  magnetic fields associated with weak plasma fluxes. 

During the t i m e  of observation, the representative point of the 

vector pointing Fraa the earth t o  the satel l i te  moved along the 

&rWt line 8egnmt 5 I!$. 

In Fig. 18, we have plotted the 

Open circles 

One sees that  practically all the solid 

dots fall within a restricted area around thie segment (enclosed by 

the line"a"$n Pig. l8). Ihe very few exceptions correspond t o  measure- 

ments taken when plasma and magnetic conditions were changing.rqpidly, 

or when the plasma signal w&s close t o  the limiting value of 5 X lo7 

cm 

outside this area. 

random throughout the map, clustering mainly in  the area t o  the south 

of the ecliptic plane, betueen - 30 

-2 sec", On the other hand, practically all the open circles fall 

They are didributed over a wide regim, but not a t  

0 and + U O 0  ecliptic longitude. 

These results point t o  the  conclusion that during the t h i r d  

period, Explorer 10 encountered alternately two distinct physical 

situations. 

characterized by weak plasma fluxes, 0f"ten below the detection limit, 

The first, which shall be called situation A,- 

a d  by nearly radial magnetic fields. !Che second, which shall be 

called situation B, was characterized by strong plasma fluxes, and 

by non-radial Flelde. H u t e  that the f ie ld  directions corresponding 
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t o  situation A f i l l  the region denoted 86 "region A" i n  Fig. 23 

of HNS,  while the f ie ld  directions corresponding t o  situation B 

fall within regions "B" and "C" of the stme figure. 

While measurements of the magnetic f i e ld  were W e  during every 

telemetering cycle (Lea ,  every ? 28'), significant plasma data were 

obtained only during the 250, 800, and 2300 volt modulation periods 

or roughly 3/8 of the t i m e  during which the plasma probe was turned 

on. 

thz magnetic field and the plasma fluxes, established by all near- 

simultsneaue observations of these two quantities, enables us t o  

use the magnetic field meaaurenu?nte t o  i d e n t m  the times at which 

tran8itiOIlS between situation A and situation B occurred m o r e  pre- 

cisely than 

On the other hand, the essentially one-to-one correspondence between 

could do by means of' the less fiequerrt plasma signals. 

As noted a b 0  5n RI'iSS, 2% was usually found that the conditions 

typical of situation A or B persisted through msny observations; 

then, quite sudded$$ 

sequent magnetic measurements, a switch t o  the other situation occurred. 

we shall call. these changes "simple" transitions. 

houever, it appears that  situations A and B alternated rapidly during 

time intervals extending thrcnqh several magnetic field and plasma 

measurements. 

oFten within the 2m 28' separating two sub- 

Occasionally, 

We shall c a l l  these " c ~ l e x "  transitions. 

The time intervals in the third period during which situations 

A and B prevailed, and the types of transitions between them, are sham 

i n  Table 1. 

transitions egpea~ i n  Tsble 2. 

D e t a i l s  of the memements d e  in the Vicinity of the 

Listed in Tables 3 and 4 are the 
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average -.tudes end the average directions of the magnetic field 

observed during the various intervals of type A and type B respectively. 

The average directions of the magnetic f ie ld  are also shown grwhically 

in Fig. 19, where solid dots correspond t o  situations of type A and 

open circles t o  situations of' type E. each experimental 

point s2ecifiee the time interval to which the point refers, accor&ing 

t o  the l is t ing in Table 1. 

The number 

Tables 3 and 4 Show that the magnetic field was usually weaker 

i n  the presence of plasma (situation B) then i n  the absence, or near- 

dsence of plasma (situation A). 

f ie ld  Wi lrat correlate with plasma conditions quite 88 strikingly &B 

did the direction o f t h e  field. 

However, the strength of the magnetic 

We c d , l  attention t o  the fact that, i n  contrast with the steady 

behavior of the magnetic f ie ld  characteristic of s i tuat ion A, the field 

i n  situation B underwent substantial changes during each t i m e  interval 

(the bars crossing at the point No. 2 in Fig. 19 are an indication of 

the spread i n  the direction of the magnetic field observed i n  the cor- 

responding t i n e  interval). 

and not qyite 88 large as those occufilsg f r o a n  one time interval t o  

mother. 

substantial changes of the magnetic field (88 w e l l  as of the plasma 

flux) were observed. 

four sub-intervals In Tables 1 and 4 and i n  Fig. 19." 

However, the changes were usually gradual 

One exception was the long intervd No. 10 during which 

For this  reason, interval No. 10 is divided in to  

* This sumvision, while based on the behavior of the plasma flow and 

the magnetic field, is admittedly somewbat arbitrary. 

B. Third Period - Prcrperties of the Plasma Observed In SituationSof Type B. 

From 8n experiment of the type cansidered here, m e  would wish, 

i d e m ,  t o  determine the energy spectrum and the to t a l  flux of protons 



per unit area per unit solid angle in m y  give3 Wectim at m i  

given instant of t i m e .  Act-, our instrument w88 not designed 

t o  achieve anything approaching this ambitious aim. However, the 

experimental data contain information of a ecmewhat more specific 

nature than the qualitative results presented in section IV-C. 

(1) plasma Flux . Densities 

Because of the fiequent electronic disturbances which interfered 

w i t h  the measurements at the 2300 volt modulation level, we chose t o  

use the mesmrrenrents at the 800 volt level t o  evaluate the total flu 

density of plasma protons. Ae we shall  discuss later i n  m e  detail, 

it is possible that a emall fraction of' the plasma protons did not 

undergo modubtlan f#t t h i s  level. We believe, however, 

that the error Introduced by this l ~ ~ k  of ccmplete modulation is 

negligible within the accuracy claimed fur the absolute values of the 

plasma current l n  the present experiment. 

at the 800 volt level, which are shown i n  Fig. 16, are replotted on 

The flux densities measured 

a condensed ,time scale in Fig. 20. It can be seen tha t  these flu 

densities exhibit both short-tlme fluctuations and long-time changes; 

moreover, the long-time changes',have a larger amplltude than the short- 

t i m e  fluctuations. Therefore, it 1s meanlagflzl t o  campare the time averages 

of the flux densities observed during the individual t i m e  intervals of 

type B. 
--. 

These averages appear in Table 4 under the heading3 (800). 

Dependence of the Plagna Current on the Modulating V o l t =  

!&e main suurce of inf0rme;tiOn on the energy spectrun of the  

plasma protons Y e s  in the relatlve emplltudee of the current signals 
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observed with the different moaulrrting voltages. However, because 

of the t h e  flucttuxtions in the plasma flux, It is not possible t o  

draw firm conclusions from a camparison of consecutive measurements 

at different d u l a t l U n  levels. A more promising approach is  t o  can- 

pare the everages of such measuremente for each of the time inter- 

vals. This is done in the last three columns of Table 4, where we 

l i s t  the rat106 of the average nominal flux densities observed a t  the 

80, 250, and 2300 volt levels, 3 (80), 3 (250), and$ (2300), t o  that 

obsemed at the 800 volt level, 1 (800). 

signals at the 80 volt level were ofien below the detection l i m i t ,  

p&icularly during those tiaar! intervals when the,,- density was low. 

me pairs of figures mer- under 3 (80) /$  (800) represent lower 

t u t a l  

a d  upper limits for this ratio, computed respectively under the as- 

sumptions that the flux density corresponding t o  a signal below the noise 

level was (a) zero, or (b) 

(4 X 10 cme2 sec’l). 

equal t o  the lpinimum detectable value 
6 We ~ e e  that during sone of the time intervals 

L 

f (80) / (800) ya8 of the order of one or two percent; during other 

time intervals (80) / (800) might have had any value from zero t o  

several percent 

The values of 3 (250) / f (800) Listed in Table 4 vary from 5 

around unity, front a mbhmm of 81 percent t o  a maxinnrm of 1@ percent. 

There are two possible interpretations fm the variabil i ty of these 

ratios. Ihe  flrst is that  I f  18 due t o  short-time fluctuations i n  the 



total proton flux who8e effects are not entirely ellmlnated by the 

averaging process. 

t o  changes i n  the energy spectnaa of the protons. 

The second i s  thst it is due, at le& in part, 

If we accept the first interpretation and a~36ume, accordingly, 

that the proton spectrum wss the same during a l l  time intervals listed 

i n  Table 4, we do not need t o  consider these various t i m e  intervals 

separately, but w e  amy take fur (250), 3 (800) andZ(2300) the 

averag;es &f the 1IIC-s made at each modulating voltage during 

a l l  such time interprrls. As for the campnrtation of 7 (80), it is 
more advaxtmgeous to consid& only those time intervals when the 

to t a l  flux density ~ a 6  sufeiciently high t o  yield significant data 

at the 80-wlt modulation level (intervals No. 2, 4, 6, 1Oc). The 

results obtained i n  t h i s  m e r  are listed i n  the first row of Table 5. 

A t  aay one instant of time, the rst iog  (2300) / $ (800) must be 

greater than or equal to uuiv because there cannot be m o r e  protons 

with energies below 800 ev than protons with energy below 2300 ev. 

The rrrtio of the over-all averages .f# (2300) and$ (800) is  actually 

close t o  urdty. According t o  the interpretation discussed here, the 

reason why$ (2300) /$ (800) i s  less than Unity for the averages taken 

mr some o f  the individual intervals must be found i n  the short-time 

fluctuations of the flux. 

- - 

There are, howwer, strong arguments against this interpretation, 

In the f'irst place, %he changes of the recti0 (250) / $ (800) 

for the individual time inteZTdJ3 were, percenta@wise, much greater 

than those of the ra t io  $ (2300) / $ (600). 

to fluctuations of the to ta l  proton flux, they should be approximately 

- c 

If bath changes were due 

eaual in relative meRnitude. 



In the second place, there mars t o  be a definite correlation 

between the values of jf(250) /$(&lo) aad the values of 7 (2300) /z(800) 

relati- t o  the sane time intervals. For example, in a l l  four cases where - 
5 (250) /3(800) > .U, we find that F(2300)  /F(800)> 1.0 I 

in five out of seven casea where 3 (250) / $ (800) 

3 (2300) / #  (800) < .so plus, the experimental data support the inter- 

whereas - 
.lo, we find that - 

pretation that the pruton spectrum did indeed change f r o m  one time in te rva l  

t o  another, and we sh6U now analyze our results under t h i s  assumption. 

Wnce the accuracy of the data does nat warrant a more detailed treat- 

ment, we shall graqp together, fur the purpose of analysis, a l l  t h e  

i n t e r V d S  for which F(250) / $(&) 2 .lo (3bl2, 4, 6, lob 1Oc) and 

all time intervals  for vhiCaF(250) /3(800) <.lO@o. 8, loa, lod, 
12, 14, 16). Ihe ratios between the average f lux  densities computed 

separately for these tW, groups  pear i n  the second and th i rd  rows of 

Table 3. W$ see that p (2300) /F(800) ha8 a value of 1.04 for the f irst  

group and a ,value of 0.92 far the second group. 

the "true" value of this quantity cannot be smaller than unity. 

exp- the value 0.92 as a stat is t ical  result due t o  short-tfne fluctuations 

i n  the pratan flux would not be consietent with the point of view adopted 

here. 

the effective gain of the ccmpressian amqelif ' ler  when the probe was operated 

at the 23lO volt level, becaaaae a~ already noted, the zero l3.m was sanewhat 

displaced i n  twsmode of operation. 

- 
As already pointed out, 

To 

On the other hand, it is possible that we may have slightly misjudged 

We can estimate a lower limit for the 
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unity for the time intervds of the second group. 

amouLlts t o  8 percent; therefme, the ninlnnna value of the correction 

lzlis lower l i m i t  

factor i s  1.08. With this correction factar, the value of 

(230) /f (800) for the * h e  intervals of the firsf group bec-s 

1.13. 

(3) The proton Energy spect Fulll 

If we neglect the angular spread of the plasma protons and &sum 

that the particles formed a parallel beam, we can relate the flux 

densities observed at the various mOaulating voltages directly t o  

the e n e r g y " s p e c t ~  of the protons* !be uncertainty i n  the value of 

the &e a which the protan beam fumed with the equatorial plane of 

the satel l i te  introduces an uncertainty in the value of the energy 

because thelmlniwn voltage needed to modulate protons of energy E 

is Vm = E cos a. I n  what follows, we ehal.l c d l  the quantity E COS a 

the "noplinal" proton energy. 

2 2 

for the tw0 gruups of t lm? h temds (see Table 5 ) ,  normallzed t o  

unity at 2390 volts. AccaFding t o  our assunsptlons, these values 

represent t$e fractions of protons in the total flux whose napinal 

energies are lese We than 80, 250, 800 and 2300 ev respectively. 

see that, durring the t h e  intervals , #  the first group, a very BmaU 

fractim of the proton6 hare ncadnal energies lower than 80 ev and 

a easnewhat larger f2aCtian have ncanlnal energies greater then 230 ev. 

Wing the ) t h e  Interval8 of the second p u p ,  the spectrum appears 

t o  be n v ,  but is less  well defhed; the data in fact are con- 

sistent wl* a complete abeence of pratons with energies less  than 



80 ev or more than 800 ev, but they do nut rule out the 

possibility that a few percent of the protons may have energies 

beyond these limits. 

!fhe energy spread of the plasma protons may be interpreted 

in  tenns of a "thermal" agitation of these particles in  the 

frame of reference of the movtng plasma. 

orientation, l e t  118 campare the experimental results with the 

For the sake of 

energy spectra ccsnputed under the assumption that the "thermal" 

velocities obey a Maxweulan  distribution, curresponding t o  a 

certainitemperature TI and let us simplify the calculations 

3y rreglecthg the camponents of the thermal velocities perpendicular 

t o  the direction Of bulk motion. (Illhis simplification is con- 

sistent with the assumption of a parallel proton beam and is 

p&ieUy justified by the fact that the perpendicular components 

of the thermsl velocities have only a second-order effect on the 

resultat  velocity of the protons, while the parallel components 

have a first-order eflfect.) 

protons (E = m$& the proton energy corresponding t o  the 

bulk motion (E, = mV20/2), and the mean thermal energy i n  one 

dimension (kT/2) appear only through their  ratios in  the 

results of this corqputation. 

are given in terms of the "nominal" energy, Vm 3: E cos a, 

ccauparison with the theoretical curves yields information an 

the "na@.mil." energy of bulk motion, E, cos2 CY, and on the 

The kinetic energy of the individual. 

Since the experimental spectra 
2 
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2 "nQ?Dind" temperatwe, T COE CT. The results of thin mnperi60~ 

are Shawn i n  Fig. 21. One sees that  the experimental points 

for the first grw of time intercvals f i t  satisfactorily the 

theoretical cumm corresponding t o  Eo cos2 a = ko ev and t o  

T cos 01 = 6 X 1G %. Considering the uncertainties of the 

mearmr-ts end the crude character of our analysis, we assign 

an uncertainty of - + 35 percent for the value of Eo cos2 a! 

and a range of values fYom 4 X 12 OK t o  1 X 10 ?C far the 

n d n a l  tpmnerature. 

2 

6 

Lese definite conclusions can be reached concerning the 

conditioas of the plasma during the time intervals of the second 

&roup, except that  the spec- appears t o  be narrower, and, 

therefat?, the nominal temperature appears t o  be lower than 

that af the plasma observed during the t i m e  intervals of the 

f irst  group. %e naminal energy of bulk motion, on the other 

hand, isiprobebly not very different from that estimated above. 
2 (The teqtative spectrum shown i n  Fig. 21 corresponds t o  Eo cos a = 

4.20 ev spd T cos2 a = 2.6 X 16 %; this temperature represents 

an apprcwimate upper lindt for the range of temperatures which 

could be used t o  obtain reasonable agreement between the experi- 

mental data and the thearetical model.) 

Another source of informstion on the proton energy spectrum 

may be found i n  the sh-8 a f t h e  current eignals. 

the third period of the  flight, the 8- at the 2300 volt 

a d  at the 800 volt modulation levels had round taps, while those 

'phroughaut 



at the 250 volt l eve l  had flart top'ri (see Mgs. 14 a, b). 

sis tent  with the tentative spectre shown in Fig. 21, mxr&i~g tc  - a c b  

the flux density af protons with n a  energy less than E increases 

rapidly near E = 2%) w,~%ricbeases slowly near E = 800 ev and has already 

reached saturstion befare E = 2300 evs (As the rotation angle 

the effective area of collectian @creases but the energy of the pratans 

which can be mriulated by a given mduhting voltage increases; if the 

spectrum i s  suff'iciently steep, the consequent increase i n  modulated flux 

This i s  con- 

increases, 

compensates for the decrease i n  collection area, givln@; rise t o  a current 

which i s  nearly independent of Q over a certain range.) 

The properties of the plasm and of the associated magnetic field, 

~ 1 6  they emerge f i a m  the present discussion, are summarized in  Table 6. 

Note tha t  wile the experimental data qppear t o  be consistent with the 

assumption of a MaxueUan distributicm for the randm velocities of the 

protons, they certainly do not prove that this assumption represents more 

than a crude appr-tian. Thus, the temperatures in Table 6 are s i m p l y  

an indication of the mean energy of random motion of the protons i n  the 

frame of reference of the moving plasma. 

(4) Average, Direction and Angular Spr ead of the &aton Beam. 

Since me p a  was fdJy modulated at the 2300 volt level, the 

shages Of the current signsls Obtc4ned st this level are independent of 

the proton energy Spectrum; they depend only on the angle 01 formed by 

the bulk velocity vector ?o @*h %he equ&xLQ1, plane of the satell i te,  

and on the anBular spread of the proton beam. The position of their  maxima 9 



-39- 

on the other hand, determines the @ which the plane passing through 
3 

the spin axis and the trectW-Vo forms with the plane through the spin 

axis and the so& 

&e Q. 
Figs. 22s and 

diredim (plane %" in Flg. E). We shall ca l l  t h i s  

22b il.lustrate the procedure used for the analysis 

of the &served plses .  

i n  millisecond8 rmeasured f'rom t h e  Instant when the normal t o  the cup 

was closest t o  the solar direction. 

superposed I1)13BSuTements of' individual current signals obtained during 

two different telemeterlng cycles. ,The solid curyes represent the 

gemetriCcii)i reqmnse of the pr&e f q  ==&el be- with a = Qo wd 

a = bo, rppectively, corrected far the distortinn due t o  the electronic 

cgrcuits (see Fig. 8). 

horizontal pasitions were aafustea 80 a8 t o  obtain the best f i t  with the 

maxima of the exper3mntal current s l g ~ ~ a l s .  

m d m a  occur are shuwn i n  the Pigures as tm. 

introducedlby the electronic circuits, the values of tm Shawn in Flgs. 2223 

apd 22b coqrespand, respectively, t o  Q0 = -7 and Qo= Oo (negative 

q g l e s  indicate directions t o  the south-east of the plane "p"). 

of the variuus current signals r e c F e d  at the 2300 volt level gives 

values of 

we were unWa t o  determine whether this diepersion is due t o  actual 

fluctuations in the direction aF the plasma f'lm or is due entirely 

t o  experimental errors. In this 

The scale on the horizontal axis indicates times 

The dots i n  each figure represent 

The- mxrtical scales for these curves and their 

!&!he times at which these 

Considering the 15 ms delay 

0 

Ana,lysis 

which cluster eround Oo, w i t h  a dispersion of a few degrees. 

I 
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connection, we nute that  the thalng signal fram the opt icd  

s p e c t  sensor had a uncertainty of &out k ms, cnrresponciing 

t o  an uncertainty of about 2.5' kn 6 , and that a sonmrhat 

larger uncertainty I s  involved in  the determination of tm. 

~n any case, we can safely state that whenever plasma was 

observed during the third period af the Explorer 10 flight, the 

angle fa mas e thtra ID' in-absolute value. 

Tbe current signerls shown in Figs.  22a and 22b are slightly 

wider than the C u r v e  representing the response of the probe t o  

a parallel beam of particles incident at a = 0'. !&e difference is  

even greater for 

angular spread of the proton beam needed t o  arccount for the 

a >OO. We shall make a crude e s t h t e  of the 

observed widening. by asstpdng that bath the response curve of 

the probe and the angular distr@ution of the protons may be 

qpproldmated by gaussian functions, with rwt meap square angles 

equal t o ,  LI\Q ana A.9 * reispectively. me observed current 

signal should then be a gaussian f'unction with a root mean square 

Comparing the observed signals with the response curve for a = 0' 

(corrected for the distortion of $he pulses due to  the non- 

I b e a r i t y  of the electronic circuits), and cansidering that, 

for a gaqssian distributibn, the root =an square angle equals 

the half+fidth at 0.6 maximum height,- find l f fau  Fig. 2& a 

vdue of, (ap)a between -02 end .lo, and iroln Ng, a b  a 

value of @q) between .03 atia .IA 
x 
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If we interpret the angular spread in terms of a "thermal" 

witat ion of the protons i n  the frame Of refwcnce of the m o v i n g  

plasma, we ha-: 

Using the above values of ( 

bulk motion Eo = k0 ev, we obtsin "temperature" estimates ranging 

roughly from 2 X 105 OK to 1 X lo6 OK i n  the case of Fig. 21a and 

from 3 X lo5 OK t o  1 X 10 

)* and a kinetic energy of 

6 0  K i n  the case of Fig. 21b. 

These results appear t o  be mare or less  typical of all 

current signals obtained at the 2300 volt level. 

clude that the range of pO6Sible "temperatures" deduced from 

the width of the current signals is  not in  disagreement with 

Thus, we con- 

that deduced from the proton energy spectrum. Of course, it 

should be noted that  both temperature determinations are 

very crude. Also there is no na priorin reason the two 

"temperatures" should be identical since the root mean square 

velocities of agitation parallel  and perpendicular t o  Vo may 

well differ from one another. , 

3 

C. Third Period - Currents Observed i n  Situktions of Type A. 

The currents observed at times when the radial configura- 

t ion of the magnetic field was indicative of a type A situation 

corresponded alw t o  ncminal flux densities smaller than 

5 X 10 uno2sec-1. 7 However, these currents were occasionally 

distinctly abm the noise level. !&ey were modulated by the 



the normal t o  the Probe x88 closest t o  the direction of the 

sun (as in the case of the currents observed i n  situations of 

type  B). In maqy IPetances, they appeared only at the 2300 

volt mOdWian level; in 8- cases9 they m a r e d  also at 

the 800 volt and E& the 250 volt levels, Once evefi at the 80 

volt level. 

more frequently -nard the end crf t3e flfght. 

these smaU currents cannot be established with certainty. 

D. O b S v & i o n S d u r i n g  the Fourtp Period. 

Moduhxtion at the l a t t e r  voltages was observed 

!the origin of 

W,?,la& the fourth period, the following sequences of events 

took place. 

Between 3-27-l&0 and 327-1452, the mgnetic field changed 

= wo, 0 directim 

8 = 0') an& then returned just as abruptly t o  approximately 

the o r i g h a l  direction. 

the 8oQ volt and 2300'~ol t  lev?@ ind3cate that  a substantial 

increasq, in the mean praton energy had occurred (B (2300)N 2 5 (m), 
flat-topped signal at the 800 volt Level), while the to t a l  flux 

density. had nut changed appreciably. 

(*am about $ = o , e = -60" t o  &out 

The next t w u  plasma measurements at 

A t  ab& +27-1!5009 the magnltu.de aF the magnetic field at 

the satallite (which had been far 6- t- i n  the neighborhood of 

13 ) began t o  Increase and reached a nwdmum of about 25 
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at 3-27-3640, after which time it decreased slightly, oscillating 

around a value of about 20 

A t  3-27-1503, when the Sa teUte  wa8 at a Geocentric distance 

of 41.4 Re, the sudden camarenc-nt of a magnetic stom was 

=corded on the etrth. 

(i.ee9 unt i l  3-27-1655) the signals at the 2300 volt level (when 

available) were about twice the size of those at the 800 volt 

level. 

had not been observed previously (Bee F'ig. Is), while the signals 

st the 2300 -1% lml Still had a round top. 

large 4crease in  the total  proton flux. 

In the next six telemetering sequences, 

Mareover, the latter had a distinct "horned" s h e  w h i c h  

mere w8s also a 

Far the remainder of the observation period (i.e., un t i l  

3-27-1800, when the satel l i te  w,@$ at 42.3 Re) the proton flux 

remained at a level about double that observed prior t o  the sudden 

camencement. However, there w&8 no longer any marked difference 

betweens (2300) d# (m), end the s i g n a l s  at the 800 volt 

level again had a rounded top. 

The abuve results -&ow t h a t  during the first two hours af'ter 

the sudden cclnmrencement about half of the plasma protons had n a n d  

energies abm 800 ev. However, the round t m o f  the signals at the 

230 volt level indicate that the praton spectrum did not extend much 

beyond 2300 ev. 

order of 1ooo ev; however, the shape o f t h e  proton spectrum does 

not mar t o  be consistent with a Maxweulan  distribution of the 

proton T l o c l t l e s  i n  the frapa!of reference of the moving plasma. 

Thus the kinetic energy of bulk m i o n  was of the 

!l!hrou&& the fourth period, the positions of the & 

%==e not Bgpreciably different fran those observed durhg the 



preceding third period. 

change in the direction of the p l k  flow. 

Thus, there was no evtdence for any 

VI: -ON 

B e r e  I s  l l t t l e  doubt that the f a s t - m n g  p a  encountered 

by Rcplorer l.0 during the third and iaulth periods of its f l ight  

did not ariginate frcm the earth, but y8s a feature of inter-  

Planetary space b m r ,  it i f 3  likely, as we shall  see, that  

the presence of the earth might bave materially Wid the 

plasma f l o w  i n  the region explored by the satell i te) .  

3 3  IS ~ S C ?  cfiffictt t o  m2Sd the cenclusion that the 

reason 

viaus periods is th& the geomagqetic f ie ld  acts as an obstacle 

t o  the plasma flaw, creating around the earth a "cadty" which 

the interplaaetary plasma cannot penetrate (though the cavity 

may conten a Qu88i-stationary plasma representing an extension 

of the earth's atmosphere). !Be first appearance of the plasma 

at  the beginntq of the  third period means that, at that t i m e ,  

EXplurer 10 had traversed the boundary of the geog3egnetic cavity. 

no faSt-mnViag plasma-bad been detected i n  the pre- 

A. Ilreoreticd. Considerations 

The interaction of a mDylne plasma with the earth's magnetic 

field )tas first studled theoretic,ally by Chapman and Ferraro (1931, 

1932, 1933). The problem was taken up again by Ferraro (1952, 

1960) whose wwrk led t o  the prediction of a ge-etic cavity 

of the general shape shown in Fig. 23a. 

features are a blunt "nose" pointing toward the oncoming wind, 

a d  a low "tail" stretching i n  the dawmrind direction (see also 

JO~~SOU, 1960; m e  recent develCpmexrbe of the t h e w  are 

described in a peger by Dad6 md *?%I?#, 1962, W c h  also contains 

Its characteristic 



a good bibllogrephy of the subject), 

This theoretical model is based on a set  of highly idealized 

assumnti~s, of which the most importent me: (1) absence of 

 plasm^ witbin the g-mgnetic cavity, (2) absencz of maapetic 

field in the b t q b e t a r ~  plasma, and (3) absence of 

rand- 

reference of the plasma ("perfectly coldff p a ) .  

of the plasmsparticles in the rest  frame of 

the last few years, it has become increasingly clear 

that  none of these asstmrptions correspond t o  reality. 

before the flight of Escplclrer 10, eren the q d t a t i v e  validity 

Os the weoretical Conclu6ions was questionable. 

Thua, 

On %he other hand, the findiags of Ekplurer 10 showed that  

the theqretical -1 was correct in  predicting a sharp boundery 

between,the geamgnetic cavity and the ~ u ~ ~ o u n d i n g  interplanetary 

plasma. .,Marewer, another important feature of the theoretical 

model, &.e.# the strong forward-backward asymmetry of the cavity 

Kith reqpect t o  the direction of the plasma fluw, was also 

experimentally caaflrmed; wfrile Explorer 10 crossed the geo- 

megnetia bayndary at a distance af about 22 e&h radii in  the 

wti-solar region, Explorer 12, rpaVing in the subsolar reglon, 

crossed the baundary at about 19 earth radii (see section B 

below). .,It is thus reasonable explore thepoWbiUty of' 

interpreting the experimerrtal rqsults on the basis of the 

theoretical model BUitabU modified t o  make it catxpatible 

with the ,properties of the "real" interplanetmy plnmvl. 

m e  imeversible flow, Indicated by the asynslietric shape of 
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the geomagnetic cavity, lmplles Bssipst im prmesses 

such as are l ikely t o  occur pruninently if the plasma approaches 

the earth at supersonic speed. 

In the idealized theoretical model, the plnsmn flaw is 

indeed "infinitely" supersonic becsuse iri a "perfectly cold" 

plasma with no magnetic field, the velocity of propagation of s n a l l  low- 

frequency disturbances ("sound" m s  as w e l l  as Alhre/n waves) i s  zero.* 

* A collrisionless plasma does not propagate ordinary sound waves. 

ever, sane of the possible ware modes have propagation velocities 

How- 

manner. 
~- 

In  the actual. interplanetsry plasma, on the othe;. hand, bath 

the "sound" velocity and the KW&n velocity have f in i te  vdues, 

and we must examine the experir&entaJ. data t o  determine whether 

these velocities are actually smrlller than the bulk velocity. 

21 t h i s  connection, we note that the properties of the plasmz 

wind observed by Zxplorer 10 may differ substantially fYom those of 

the "distant wind". In fact, it is well known that a mrpersonic 

flow cannot be St- rmddenly by an obstacle ( i n  our case, by 

the geuaa&netic Cmdty), but must First be modified i n  such a 

that, i n  the region ahead of the stagnation point, the velocity of the 

flow becomes subsonic. In the case of ordinary fluids, the conversion 

occurs through a stationary shock front (or bow wave) that  forms 

d e a d  and around the obstacle. 

shock front exists i n  the interplanetary plasma around the ge-etic 

cavity (see Mg. 23). 

33 is reasonable t o  assume that  a similar 
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Since cf3msions 60 not P w  aIly appreciable role i n  the 

exceedia&ly dilute interplanet- Plasma, the dissipation processes 

thst occur in the PaSSege acP the Plaaua across the shock front must 

be due t o  a mechanism d i f f e ren t  *Oar. that  operative in ardinary fluids, 

a mechanism wUch is not yet well  understood. 

certainly tm that between the shock front and the geomagnetic cavity, 

plasma and I U X S e t i C  conditions are different from those beyond the 

front, where no effect of the earth's magnetic field cazl be fel t .  

particutar, the plasma i n  this region will not only move with a 

swlfler speed and i n  a direction different from that of the distmt Kind, 

but it Hll also have a higher '%emprature" and c a r r y  a stronger 

msgnetic.lfield. 

wind relative t o  both "sound" waves end 

than the corresponding Mach nlnnbers of the distant wind. 

In any case, it i s  

In 

For these reasqols, the "Mach nunibers" of the local 

mves wlll be smaller 

With this i n  mind, let us consider the Explorer 10 results. "he 

velocity. of bulk m o t i o n  of the plasma was found t o  be substantially 

larger than the mean "thermal" velocity Of agitation of the plasma. 

protons. Since the "'Lhermal" velocity is close t o  the "sound" velocity, 

we conclude that thn velocity af b a  motion was larger than the ''sound'' 

velocity. 

-om Table 6, we see that  t2je ra t io  of the kinetic en- 

density of bulk motion t o  the magnetic energy density was greater -L;han 

unity. Since this ra t io  equsls the square of the ra t io  

of tbe b@.k velocity t o  the AU&n velocity, we conclude 
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t ha t  the bulk Velocity was also larger than the AWV& velecity. 

The observed plasma wind was thus q e r s o n i c  with respect 

to both "sound" waves and m ' n  werves; for the reasons explained 

above, t h i s  conclusion appliee a fortiori t o  the distant wind. 

Note that  a bow w8ve does not appear i n  the theoretical 

model because in the Umrdt of an infinitely large Mach number t?!e bar 

. wave becomes coincident with the boundary of the geomagnetic cavity. 

B* Brpe rimental Data Relating t o  the Geomagn e t ic  Cavity and the 

Bcnr Wave. 

Besides Brplorer 10, several other space vehicles have provided 

informa%ion that  can be used tq specify 6- of the parameters 

characteristic of the i n t e r a t h  region between the interplane- 

tary plqsma and the geomagnetic field. 

Piqneer 1 (lentnched October ll, 1s8) and Pioneer 5 (launched 

March lJ., 1960) both went in the general direction of the 8un. They 

did  not,.carry plasma probes, but tbey did c a r q  rotating-coil magnetometers 

which qmmred, intermittently, the component of-.the magnetic field 

perpendicular t o  their  spin axes. 

Up to a geocentric distance of about 13 Re, the observations of 

Pioneer 1 indicated a magnetic f ie ld  which was not very different from 

that of a dipole; Rowever, in t'he neighborhood of 13 Re, the field was 

decreas- more slowly then a dipole field. 

the fiead became highly d3sturbed and decreased i n  strength f r o m  about 

25 

sims, and Kelso, 1960). 

Between 13 Re and 14 Re, 

t o  less than 10 'II (Sonett, &dth and Sims, 1960; Sonett, Judge 

The observations of Pioneer 5 (Coleman, Sonett, Judge, and 
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m t h ,  1960) indicated 8 quiet &&ic f ie ld  a\rt ts 10 I ? ~ .  

Then between 10 Re and 14 Re, 

Between 14 Re and 15 Re the situation chauged again, and after 

15 Re the f ie ld  became much quieter and decreased In strength, 

dropping t o  a value of about 53' at X) R 

field became highly disturbed. 

e 
EXplaFm 12 (Which wa8 launched August 15, 1961, on an 

e l l lp t lca l  orbit with an:qpogee of about 13 Re) carried a plasma 

probe, three flux-gate nragnetmeters and various high-energy 

particle detectors. Its m e d b t s  refer t o  the subsolar 

region.1 'Ihe magnetameters showed that, in this region, the 

f ie ld  w168 regular and had a stpxcture consistent (in strength 

and direction) vi th  that of' a rqpmpressed" dipole f ie ld  up to a 

certain distance., beyond which it became hl@ily irregular 

and its direction changed drastically (by about 180°). 

distance 

and 12 Re (CahiU,1962; C a l l  and Amazeen, 1962). 

me 

at which the transitions occurred varied between 8 Re 

The plasma probe aboard rn lo re r  12 did not supply data 

pertinent t o  th i s  discussion. 

detectars showed that  the region pupulated by trapped particles 

terminated near the point where the magnetic transition occurred' 

(Rosser, OfBrien, Van Allen, &a@ and ku@.in, 1g62). 

However, the high-energy particle 

The c d i n e d  results of Pioneer 1, Pioneer 5, and Ekplorer 12 

Eiloreover, s\qrport the thearetical model described in Section A. 

they 3hm that the boundary of the geom8@wbic cavlty (separating 

the msgnetieally disturbed region from the magnetically "quiet" 
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region pWdat€d by tIWppe6 paz’i;icLes) l ies,  i n  the slibsolar 

region, between 8 Re and 32 Re* . !l!hey also indicate the presence 

of a second Surface of discoptinuity at 14 Re or 15 Re, which 

presumably represents the bow wayel separating the -tically 

disturbed region arcnmd the geomagnetic cavify from the un- 

perturbed interplanetary field. 

Pig. 24 Sumnarizes i n  graphical form the*data mntioned 

above. This figure WEL~ taken f’rora the report presented by one 

of us at a recent Symposium of l3?E-pQys (Rriae, 1962). 

similar picture was presented by Cahill at the same Sym_pOShU0 

A 

C. A Tentative Model far the @- et ical  Cavity. 

Wllg use of the ab- rgwts, we now attempt t o  draw 

a tentative end schematic mode& $or the geomagnetic crrvity as, 

it d s t e d  at the time when Exp&rer 10 crossed the boundary 

and first detected the plas~uayind~ For th i s  purpose, we st i l l  

need to, supplement the experimental Uata with a few kypotheses. 

In’-the first place, we assume that the dietant plasna wind 

comes directly fram the mu. !ChFn i n  an eglvth-butmd Frame of‘ 

reference, the plasma wind artside the bow wave arrives at an 

&e a% about 60 t o  the --earth direction i n  the plane of 

the ecl#+ptic, because of the arBit&l velocity of the earth. 

W e  assume next that  the geomagnetic cavity has axial sy~lr- 

metry around a &e parallel  t o  the distant wind and passing 

through $he center of the earth. 

bou&uy of the cavity c m  be approximated by a spherical. cap 

Weaver, we assume that the 
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joining t o  a conicd surface. 

Finally, we take far the radius of the spherical cap: a 

value of 10 Re, which is the average distance at wlllch Explorer 

12 detected the termination of the geanegnetic cavity i n  the 

sub-solar region. 

The ab- asmmgMmS, together with the observed position 

at which Explorer 10 first encountered the plasma wind, determine 

the b<nmdary of' the geaaegnetic cavlty; the conical  surface 

of this Wundary has a half-me at the vertex of about 20' 

(see Bridge, Lazs;rus, Qmn and *herb,' 1962; Bonetti, O l b e r t ,  

Rossi and Siscoe, 1962). 

The assumed s h a p  of the geumagnetic boundmy (a spherical 

CtQ 30- to & C d C d .  "tdl") 18 ObViOUSfy 8I1 OVerShIplifi-  

cation.- Weed, since the  earth's xugnetic f ie ld  is not axially 

Synmretfic Xith respect t o  the direction of the distant wind, 

there i s  no reasan t o  believe that the geomagnetic cavity has 

axial 13pmetry. 

that  are l ikely t o  occur in the vicinity of those singular 

We have also Peglected here the complex phenanem 

points of the bound- surface .%ere the magnetic f ie ld  vanishes 

(see, fF exnmOle, mey, 1954). Moreover, the choice of 10 R 

for the,geocentric di6bance of @e geanqpetic boundary i n  the 
e 

subsolar\ region is, t o  sane extent, mBitrary. This distance 

could easily have been 20 percent larger or smaller; correspondingly, 

the ha -ang le  of the canical "tail" cuuld have been smaller or 
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greater than 20'. 

by the Explorer 12 results, the boundary of the geomagnetic cavity 

changes with t i m e =  Therefme, our specific model refers only 

t o  the geomegnetic cavlty a t  me particular instant  of time, i.e., 

the time when gxplorer 20 lef't the cavity. 

Finally, one must remember that, as demonstrated 

Undoubtedly, the present model will be refined and revised 

&a more experinmtal data become available. 

that  its generel features will not change drestically, and we 

feel  justified i n  using it 88 a basis f o r  the interpretation 

of our data. 

We believe, however, 

D. Alternate Appearances and Disappearances of the Plasma. 

An inrpartant feature of t he  Fxplorer 10 observations is  the 

alternate appesrance and disappearance of the plasma during the 

t h i r d  period of its flight ( t rqs i t ions  f r o m  situation A t o  

situatiop B and vice versa). There are, i n  principle, two in- 

terpretations of these occurrences. 

p lhe ta ry  plasma has a . -"stratified" structure, i n  which tubes 

The first is that the inter- 

of force which are essentially empty alternate with tubes of 

force containing substantial amounts of plasma. The second is 

that, during the third period of i ts  flight, Explorer 3.0 found 

itself alternately inaide and out&de the geomagnetic cavity.* 
- -~ 

* We dismiss here, as unlikely, the possibility that during inter- 

vals of type A the direction of the plasma flow was within the 

so l id  angle where the plnfimR probe WBS insensitive (a > 6 3 O ,  

see Mg. E)= 
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After examining in  detail the results of the magnetic field . .  
measurements, we are conaced  (as discussed below) that the 

second interpretation is the correct one (Rossi, 1962; other 

authors such as Piddingtm, 19@, have reached the same con- 

clusion independmt3.y). Tbese measurements, i n  fact, strongly 

suggest that the field corresp- t o  situations of type A 

was t o  some extent modified by the presence of the earth, 

whereas the f ie ld  carresponding,to situations of type B was not. 

In the first place, the field observed i n  the absence of 

plasma (situation A), was found to point almost directly away 

fram the; earth. This is  the expected direction of f ie ld  lines 

originaWng from the earth and aontained i n  the elongated "tail" 

of the geomagnetic cavity. 

find f ie ld  l lnes w i t h  t h i s  particular orientation i n  a region 

of space where the field arises from sources tot- unrelated 

t o  the earth. 

Only by pure accident would one 

In the second place, the data sumaaasieed i n  Tables  3 and 4 

show that the strength of the magnetic f ield observed during 

the intervals of type A decreased with increasing geocentric 

distance, whereas no such consiptent trend is detectable in  

the magnetic field measured durSng intervals of type B. These 

observations are easily understood if we 8882rme that  the f ie ld  

typical of situation A is the geomagnetic f ie ld  modified by the 

plasma wind, and that the field typical of situation B is of 

non-terrestrial origin. 

. 

On the other hand, i f  we ass& that 
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the f ie ld  typical Of situation A. 16 also unrelated t o  the earth, 

the observed decrease with increasing geocentric distance would 

be entirely accidental. 
* .  

A much more detailed and cr i t i ca l  analysis of these questions 

agpears i n  "SS, t o  which we refer the reader for further in- 

- format ion. * 

* He Elliot, i n  a private commdcation (October, 1961), first 

pointed out that  the strength of the magnetic f ie ld  detected 

by Eqlorer 10 prior t o  the sudden commencement decreased with 

increasing geocentric distance. 

evidence that the field was uf terrestr ia l  origin (although 

4 
He used th i s  observation as 

*a p 

modified by the interplanetary plasma). When the distinction 

between "situation A* and "situathn B" was clearly established, 

it became evident that Elliot's argument wae valid for situations 

of the first type but not for situations of the second type, The 

careful analysis of the magnetic measurements carried out by 

J. Heppner and his collaborators (see "SS) has now added 

considerable strength t o  the copplusion that the f ie ld  observed 

i n  oituation9of type A was Of terrestrial. origin. 

!The. above b teq re t a t ion  of the alternate appearances and 

disappearances of the plasma is consistent with our model of *he 

geomagnetic cavitye To i l lustrate this point, Fig. 25 shuws the 

intersection of this cavity with the plane of the satell i te 's  

trajectory. 

boundary after leaving the geomagnetic cavity. 

Qne sees that Explorer 10 kept close t o  the assumed 

While we 
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at -..e Situation depicted i n  Fig. 25 represents 

more than a crude € @ P ~ t i a n ,  we feel  Justified in assuming 

that  lrplorer u), during the rerhainder of i t s  flight, was never 

very far fran the boundary as it existed at the t i m e  of the first 

crossing. 

pcsfthXl af the 

side and autside the  geomagnetic cavity. 

be expected, since the posltion of the boundary depends on the dynamic 

pressure of the plasma wind and .the Explorer 10 data obtartned outside 

the Cavia  reveal agrPreciab3.e chtmges i n  the plasma flux. 

. -  

It is thus Yery l i k e l y  that  fluctuations in the 

braugl?t the satellite alternately in- 

such fluctuations are t o  

It js possible, also, that,the boundary surface might be 

somewhat,:'ttavg", thus Sllovlng qppral successive traversals 

even without any ternpard. changqs in the position of the surface. 

In  qmnection with the preqent discussion, it i s  of interest 

t o  recall  that on March 26, a$ Oe50 UT, while the satel l i te  was 

still within the geamgnetic cavity, the magnetic field began t o  

increase .in strength without changing direction (see section IV-B). 

Presumably, this increase was due t o  a compression o f t h e  geo- 

magnetic cavity, caused by an increase in the plasma flux. 

sibly, when the plasma Wind WBS first detected a few hours later, 

Pos- 

the geameepetic bmdat'y was 6tiJ.l movlag inward at a speed 

greater than the outvard speed of the satellite. E so, it would 

be m o r e  appropriate to secy that the g e v e t i c  boundary had moved 
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past the satelUte, rather than t o  say that the satel l i te  i tself  

had crossed a relatively stationary boundray. 

E. Properties of the Plasma Detected by Ekp lorer 10 During 

the Magn etically Quiet lh i rd  Period. 

If Explorer 10 n m r  got very fa r  from the geanagnetic 

boundary, the local wind detected by the plasma probe must have 

been practically tangent t o  this boundary. n, moreover, the 

boundary was axially synapetric, the wind direction would lie. i n  the 

plane passing through the axis of the cavity and the point of 

observation. 

T R t  us assume that  at a l l  times wben Explorer 10 detected 

a plasma, wind, the geomagnetic qavity had the shwe shown i n  

Mg. 25. We then find that at thq point where the satel l i te ' s  

trajectory first crossed the gecmagnetic boundary, the plasma 

wind nust have had the direction shown by point 5 in Fig. 25. 

W e  also find that, despite the motion of the satell i te,  the 

wind direction changed very l i t t l e  during the remainder of the 

flight, the representative point moving only Froan I,,. to 5. 
I Points $ i d  $ are well within the 'kindow" that contains the 

wind directions canpatible with observations. Thus, the proposed 

made1 of the cavlty is consistent with these observations. 

The directions curresponding t o  points 3 and $ l i e  

practically i n  the equatorial plane of the sa te l l i t e  (represented 

'by the line "n" in Fig. 26). merefore, the angle a! for the 

local wind is practicalfy zero. 

a thus determined is not eignif'icant because the assumed shape 

O f  course the exact value of 
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Qf the geomagnetic Cavity doe6 E& represetlt =ore thm ;j, cm&t? 

qpproximation. However, it would seem that for a l l  reasonable 

directions of the local wind which are consistent with a distant 

wind ca!ning directly *am the sun, a should l i e  between Oo and 20' 

(notice that a = 20' corresponds t o  a nearly cylindrical, rather 

than conical, "tail" of the  geomagnetic cavity). 

For angles smaller than 20°, the d2fferences between "nominal" 

and actual values of the flux and the energy are within the limits 

of our experhental uncertainties. 

listed Bn Table 6 as a reasonab2e estimate for the properties 

of the plasma observed during the third period of the flight. 

Thus, we may u8e the figures 

Werxish t o  note again that, in: all likelihood, &purer io 

never mnt  out of the stationary shock front which has been 

assumed t o  surround the geomagnetic cavity. 

mechanical and magnetic properties of the plasma undergo a 

chan@;e across the shock front; thus, the experhental data of 

Presumably, the 

EXel~er,  10 may not represent accurately the properties of the 

interplanetary platma at large distances from the earth. 

F a  l o re r  10 Observations a$ the Time of the Sudden Commencement 

As-*noted i n  HNSS, a class 3 flare appeared on the east limb 

of the sun about 29 hours before the sudden cannaencement observed 

on the earth and the almost simultaneous increase in  plasma f l u x  

and magnetic Held strength resorded by the instnrments aboard 

Explorez 10. If this flare was indeed responsible for these 

effects, the mean velocity of propagation of the disturbance ia 

interplwetary space wa8 &out 1400 km sec-'. 
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Presumebly, the disturbance comisted of a shock wave 

2 r d x e d  by the solar. &burst. a d  traveurzg mr the "nemd" 

solar wind. 

t o  find a plasma moving with a bulk velocity smaller than that of 

the shock fYont itself (which corresponds t o  a proton energy of 

about U kev). 

energies below 2300 ev, corresponding t o  a velocity of less  than 

640 Ian sec". 

with the assumption that the pro0e was detecting the low-energy 

t a i l  of '8 broad distribution peaked at an energy greater than 

2300 eve- 

Immediately behind the shuck front, one should expect 

The protons detected by the plasma probe had 

The shape of the current signals is not consistent 

mus, the bulk velocity of the plasma appears t o  differ from 

the c q u t e d  mean VelocLty of p7qpaQ;ation of the shock front by 

at least a factor of two. Hmyqr, one must consider (1) t h a t  

the velocity of the shock f'rontcnear the earth might have been 

smaller than its mean velocity, (2) that  passage through the bow 

wave might have decreased the bulk velocity of the plasma. It 

i s  also .possible, of course, that the observed magnetic f ie ld  and 

plasma nux increases were not caused by the f la re  referred t o  above. 

G. Configuration of the Magnetic Field L i n e s  

In,$he theoretical model of the cavity produced by the 

interaction Of a moving interplpetary plasma With the geomagnetic 

field, a l l  of the magnetic fie19 l ines originating f'rom the 

earth return t o  the earth. 

that  the interplanetary plamna does not carry any magnetic f ie ld .  

Even though it is now known t h a t  a magnetic field exists in 

This i s  a consequence of the assumption 
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interplanetary space, one might be inclined t o  believe that 

the earth's magnetic field is  s t i l l  confined t o  the gecnnagnetic 

cavity. 

interplanetary field would spread aut i n  the vicinity of the 

earth so as t o  envelope the geomagnetic cavity and remain dis- 

connected from the f ie ld  lines originating; in the earth. 

magnetic f ie ld  vectors on the inner and outer side of the geo- 

magnetic boundary would then be tangent t o  this surface (without 

necessarily being; parallel t o  e+ other). 

AcCWding t o  this picture, the lines of force of the 

The 

The general pattern of the. experimental data provided by 

Explore& 10 does not appear t o  isupport this view. In fact, dong 

those sections of the trajectory;which were outside the cavity, 

the a v e w e  magnetic field f m $  large angles with the boundary, 

being offten agproxbmtely perpendicular t o  it. 

cavity, -the a7.erage magnetic field (which was nearly radial Frau 

the e&h) also formed a finite angle with the boundary of the 

cavity. . Thus, it would seem that the field lines originating 

from t h e  earth do not remain coGined t o  the gecmgnetic cavity 

but, coqect t o  the f ie ld  lines o f  interplanetary space through 

the boundary of the cavity.* 

Inside the 

*As noGd i n  Hmss, same uncertunty exists i n  the direction of the 

Zxplmer*10 spin axis; the e x t r h  values fa r  its ecliptic longitude 

are 59.5O and 6 3 O ,  and the extrh values for its ecliptic latitude 

are -30 and -4&.5O. However, these uncertainties do not af'fect 

significkntly the conclusions stated here concerning the magnetic 

field directions. 

0 
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Since the interplanetary plasma flows past the geownetic 

cavity at great speed, while the cavity itself contains a ne=* 

stationasy plasma, it seems difficult t o  reconcile such a m e t i c  

configuration w i t h  the generally accepted belief that the magnetic 

field lines are frozen into the plasma. 

3 3  view of tMs difficulty, it i s  advisable t o  exercfse great 

caution i n  the interpretation of the experimental results. 

One possibility is  t h a t  the geomagnetic cavity is  separated 

f'rm the interplanetary plasma by a boundary layer of f in i te  

thickness, and that within thispllwer violent dissipative 

processes occur which ef fecf iwu de-couple the field Eries 

of the fnterplanetery plasma fqan those contained in the geomagnetic 

cavity.2 The t ransi t ions which FR have defined as "complex" 

(see seqtion V-A) appear t o  suggqst, i n  fact, the presence of 

a boundary Layer of considerable thickness. Hawever, most of 

the transitions were not complex. bbreover, it is possible 

that  the rapid changes of magnetic f ie ld  and plasma flux occurring 

during the coqplex transitions may have been due t o  fluctuetions of 

a thin geanagnetic boundary. 5 q  fact that, even during such 

transittons, the correlation bet en lama flux and magnetic 

f ie ld  Wect ion persisted, S-S the l a t t e r  point of view. 

In any case, the character of t@e fluctuations in the magnetic 

Y P  

field okserved during the ca@l~~?x transi t ions does not suggest 

the kind of turbulence tbat:One would associate with strongly 

&i.ssi-pative processes. Thus, there is  Litt le experimental evidence 

t o  sup~ar't the view that dissipation of energy xithin a boundary 

layer of. f id te  thickness ma;y prwide a way out of the difficulties. 



Another possibility is tha t  the f ie ld  l ines,  both inside and out- 

side the geomagnetic cavity, approach the boundary at a f in i te  angle a d  

then turn sharply SO 86 t o  b e -  paral le l  t o  this boundary. 

TO tes t  such a possibility, w e  examined i n  detall the behavior of 

the magnetic Meld in the vicinity of the various transitions which, 

according t o  our interpretation, represent traversals of the ge-etic 

boundary (see Table 2). We found no eridence that  the magnetic f ie ld  

tended t o  beCm parallel t o  such a boundary at the times when any one of 

the 13 SiJwle transitions occurred, and only a few of the observations made 

during the 4 x 0  complelc transitions!reight be compatible with magnetic , f ie lds  

parallel talthe boundary. 

Crp B corre@onding t o  a simple %raqsition is  illustrated i n  Fig. 27. 

A t yp ica l  example of the changes in  the direction 
I 

It would be premature, perhqzps, t o  draw any f i r m  conclusion frm the 

above r e d i s ,  in View of the fact that the magnetic f ie ld  was not measured 

continuousi;g, but only at intervals of 2%8". One must also consider the 

uncertai.nti.s introduced by the arbitrary a s q t i o n s  on wfiich our tenta- 

t i v e  model a9 the gemagnetic cavity is based (see section VI-C). Of these 

assmptionqi the one h i c h  af'fects,the predicted orientation of the geo- 

e e t i c  bopdary most cz'itically is the hypothesis that  the p l a s m  wind 

fluws r&@y away Prau the sun. @e might inquire if, by abandoning 

this assuq&ion, one can construct+ reasonable model f o r  the geomagnetic 

cavity suc$$h8t its boundary i s  pqrallel t o  the magnetic f ie lds  observed 

near the tr.wsitions. 

assumes tha3 the distant wind comes fkom a direction near the plane of 

* 
It turns out that this is possible, provided one 

the ecliptie at about 45' west of the sun (see Bonetti, Bridge, Lazarus, 

won, R O S S t j  and Scherb, 196s). q e  direction of the "local" wind cor- 

responding .to this model falls with%n the "window" containing the allowed 

&ections of the observed plasma f L w .  However ,  tRis model appears 
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unrealist ic on the following grounds: 

a mechanism that xould account for the wind coming from that particular 

direction. 

produced by this wind with the orbital  plane of Ekplorer LO, we now find 

that the sateUte, epter crossing the boundary at 22 Re, moved rapidly 

away from it. 

disagpearances and reappearances of the  plamyl by expansions and contrw- 

tions 

large amplitude. 

Flrst, it i s  diff icul t  t o  w i n e  

Second, considering the intersection of the geamagnetic cavity 

Bus, .it is  no longer possible t o  explain the alternate 

of the geomagnetic baundery, unless these oscillations had a very 

I n  conclusion, We wish  t o  stress the fac t  that  questions of basic 

mor t ance  rare s t i l l  unresolved by present experimental information on 

the interplanetary plasma and the W-etic boundary. 

that further experiments be undertaen, designed t o  provide a detailed 

It i s  essential  

description of conditions existing in the immediate vicinity of the geo- 

magnetic boundary and within the boundary layer itself, through continuous 

recording of magnetic fields and plasma fluxes. 
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Table 1. 

'rime intervals during the third period of the flight when 

masurements of the magnetic field and plasma fluxes indicated 

situations of type A or type B. Geocentric distance is the 

distance of the sa te l l i t e  from the center of the earth ( i n  earth 

radii). 

line. 

than the others, plasma and magnetic conditions underwent 

substantial changes. 

into four sub-intervals for the puzpose of analysis. The transi- 

tions between intervals 1 and 2 md between intervals 4 and 5 are 

of the ,"cmpled'type. All 0 t h ~  transitions are of the "sfmple" 

type . 

Lateral distance is the distance *om the sun-earth 

During interval No. 10, which was considerably longer 

Therefore, t h i s  interval has been divided 

 he telenetry cycles, times and distances indicated i n  the 

table carrespond t o  the f irst  sequence of measurements (optical 

aspect, magnetic field, plasma flux) made i n  the respective' 

intervals 



I n t e r v a l  Tclcc.clt,ry Geocentric L a t e r a l  
ai c t  a c e  Distance S i t u a t i o n  Q c i e  TiJnc LO. 

( E 4  (ne 1 



T a b l e  2 .  

, Details of measuremnts of magnetic f i e ld  and plasma b 

the vicinity of transitions. 

specify the telemetering cycle; measurements referring t o  sub- 

sequent cyc1e"S are separated by 2m 28'. 

xmgnituze of the magnetic f i e ld  vector ( in  units of 

or gaxumas); # and 8 are the two angles (solar ecl ipt ic  longitude 

and ecl ipt ic  lati tude) which describe the direction of t h i s  vector. 

The noninal flux densities l i s t ed  correspond t o  the currents 

measured at the 80, 250, 800 and 2300 volt modulation levels. 

These measurePents o c q y  four of t Q  eight telemetering cycles which 

form a complete sequence (see Fig. 13). 

Indicete nreasUrements missing because of electronic disturbances. 

mom 26/0534&0 26/0603, and then g a i n  from 26/0935 t o  26/1026 

nore fYeque3-b changes f'rom situation A t o  situation B and vice versa 

took place than during the r e s t  of the flight. We chose t o  describe 

these occurrences as "complex transitions" rather than as a sequence 

of short time intervals of type A and B, although it is n o t  clear that  

the a s t i n c t i o n  is physically signifjcant. Xotice the isolated oc- 

currence of situation A during one telexnetering cycle (Eo. 419) of 

t i m e  intern& NO. 4. 

The nunbers i n  the f i r s t  column 

B is the absolute 

gailss, 

Question m a r b  



Magnetic Field 

( g m )  (degrees) (degrees 

B PI 8 

Zelcnetry 
Cycle ! Intern& 
3ui 
347 
348 
349 
350 

31 150 -35 
9 150 - 36 
3 156 - 30 
32 155 -32-5 
33 157 -37 '- 

I 
0 

351 I ' i  32 155 -32-5 

352 2610534 12 

32 

353 
354 
355 
356 C0MpI;M I 32-5 

358 
359 26 
360 10 
361, 28.5 
362 30 
363 9 

20 
14 
13.5 I 

357 ; m x i s I T I 4  32 
i 
I 1 

t 

46 -22-5 
-21 

-19-5 
-55 
-20.5 
-28.5 
-26 
+14 
-44 
+31 5 
-28 
- 34 

tion 

- 
.4 

0 

0 

.~ 

I3 
A 

B 

B 
A 

A 
A 

B 
B 
B 
A 

A 



l cmCt ry  
Cycle. 
414 

415 
416 
417 
418 
419 
420 
421 

443 
444 
445 
446 
447 
448 
4-49 

450 
451 
452 
453 
45 4 
455 
456 
457 
458 
499 
460 
461 
462 

463 
464 
465 
466 
467 
468 
469 
470 

- 

I 

Magnetic Meld ?laoms 
B B e 

(gamnas) (degrees) (degrees) 

15 -1 

14.5 88 
13.5 13 
19.5 240 

13.5 -53 
24 160 
u 2 

ll 266 

- 116 
-59 
-1 

-49 
-61 
-40 
-56 
-80 

13.5 -28 -50 
10.5 -11 -56 
17.5 13 +34 
15.5 -36 -46 
19.5 -83 -71 
20 -60 -30.5 
20 2ll -46 

29.5 
16.5 
20 
14.5 
24 
19 
11.5 
18 
8.5 

22.5 
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26 
25.5 
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18 
20 
10 
10.5 
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165 
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-29 
-36 
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-60 
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38 . 
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- 30 
- 33 
- 54 
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- 34 
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:lemctry 
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547 
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549 
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5 72 
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Qcle I__ 
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579 
580 
581 
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619 
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bfmetic Field Plasma 

B 9 8 
I I (eamnas) (degrees) (degrees 

Interval I 
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26/1450 
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2611636 
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? 
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4 

'I 
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16 160 

22 169 
22 151 
20.5 166 
19.5 181 
21.5 159 
22.5 161 

22.5 167 

23 170 
2185 l61 
24 17r 
23 169 
17.5 178 

-46 
- 37 
-40 
- 37 
-22 

-40 
- 30 

-35 
-27 

35 
-36 
-39 
-46 

13 169 
10 77 
8 45 
l l -  8 
9 9 
8 38 

ll 68 
9 18 
945 50 
11 108 

89 4 46 
u 140 

-63 
-63 
-50 

, -54 
-408 5 
-59 

d71 
-90 
-81 
-85 
-60 

-60 



, L I I I 

T e l m e t r y  
c y c l e  Intend. 

I 
j 1000 27p3U 19 J.60 -35 

20 154 -43 
21  l63 -36 
20.5 157 -40 
21.5 163 -33 

-34 

1 1001 
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I 1004 

1 1003 t 

1044 l6*5 1 5 1  -43.5 
1045 16.5 153 -1cic.5 
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1047 16 146 -45 
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105 3 i 
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20 

* 
81 I lo 
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1079 I 

i 

-18 

-60 
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9.5 

u - 5  

126 -35.5 
137 -62.5 

58 -48.5 
69 - 5 1  
106 -16 

I 1 i 

1 



1 

27/1302 

l oe l  
1082 

1083 
l o a  
1085 
1086 

u 
m3 
1ll4 

u s  
u16 
33.7 

4 137 -68.5 
9.5 -4 ? 

ll -4 -28 

12.5 7 -28 
32.5 0 -38 
u 4 -32.5 
ll m2.5 -3 
11.5 -1 -32 

14 
, 14 

14 
14 
14 
14 

17 
17 

" 1.6.5 
15.5 
14.5 
16.5 

-56 
-54 
-13 
-49 
-51 
-60 

-46 
-42 
-45 
-48 
-49 
-67 

1-- 



Table 3. 

Average magnetic conditions during the t i m e  intervals of type A 

l i s t ed  i n  Table 1. B is the arithmetic average or the magnetic 
-c 

field s t r e w h s  measured during each individual interval 

(in units of lo'* gauss); # 
for  the two angles (solar ecliptic longitude and ecl ipt ic  lati tude) 

3 
which describe the direction of the  vector B. 

L ..I) 

and 8 are similar averages 



- - - 
8 

(c iepces)  
B B 

(43-1 (degrees) 

3 155 -32 

27 158 - 36 

164 - 35 
7 20 154 - 36 

9 17 143 - 38 

21 _166 - 36 

13 18 155 -44 

Interval 
NO. 

1, 

3 

5 22 

u 

15 15 139 -48 



Average mgnetic and plasma conditions during the time in tervds  

of type B listed in "able 1. 
-- 
B, $I and 8 have the same meaning 

average values of the ncminal f l u x  densities at the 83, 250, &XI 

and 2300 Volt  XWdUlatfon levels respectively for each interval. 

The two sets of figures in the column under 3 (80) / (800) 

represent minimum and nuximum values of this  ratio. 



8 

10a 

lob 

1oc 

10d 

I2 

I 

i 
m e t i c  Field 

- - - 
a I? 9 

(gammas) (degrees) (degrees) 

1 3  

15 

ll 

16 

16 

14 

12 

13 

9.7 

10 

u. 

22 

-24 

50 

100 

88 

68 

77 

39 

39 

38 

1 

- 35 
-44 

- 37 
-9.2 

-ll 

-3 

-34 

-34 
-60 

-37 

-42 

(10 7 q -2 sec-l) (percent) (percen'; ) (percent) 

24 

25 

17 

13 

9.8 

10 

15 

3.2 

16 

8.0 

9.2 

1.6 

-9-1.6 

1.2-2.3 

0-2 7 

0-3.7 

0-3.5 

1.9-2.8 

0-2.9 

0-2.2 

0-4.4 

0-3.9 



Table 5. 

Ratios of the average values of 3 (80), $ (250) and 2 (2300) t o  the 

'average value of # (eo01 for 

those time intervals in which 9 (250) / 5 (800) 2 .10 and for those 
time intervals i n  wfiichy(250) /'ji-(&) 
for 

time intervals of type B, for - - 
.10 (corrected values 

4 

(2300) 1 3 (800) appear in parentheses). 



Average for a l l  
rype B intervals 

Average for intervals 
2,4,6, lob, 1Oc 

Average for intervals 
8, 109, lOd, 12, 14, 16 

1.5 - 2.1 * 

1 -2.5 

0 - 3.3 

(percent) (percent ) 

9.3 97 

13 

, 

6.9 

* Only tw intervals 2, 4, 6, lOc are included here. 



Table 6. 

Average properties of the plasma and the magnetic f i e ld  

observed during time intervals of the f i r s t  group (z (250) / 3  (&O)z .lo) 

. and during time intervals of the second group (F (250) / 3  (800) < .lO). 
The values labelled 'binhum" and "maximsm" are respectively tine smal- 

l e s t  and largest of each group of a m a g e  values (see Table 4). The 

proton density n i s  the r a t io  of the a m a g e  flux density$ t o  the b G i  

belocity V0* 

and, therefore, represent n u  values of the corresponding quantities. 

A l l  the results given for the plasma were computed f o r  a = 0' 



Velocity of Bulk Motion, Vo 

(km sec-l) 

2 proton Kinetic mergy, mVo 12 

(4 

Proton Density, n 

(cm'3) 

Magnetic Field, B 

(g-1 

Energy Density of BUXC ~tim,nuivo 2 /2 

. (ev m-3) 

ES'lergy Density of 
"Thermal" Motion, 3nkT/2 

(ev an-3) 

Intervals 

19 
(minium: 10) 
(maximum: 25) 

4-00 + 60 - 

6 
(between 

13 
(minirmrm 

4 and 10) 

(maximum: 15 ? 

(bwtween 200 and 700) 

Intervals 

300 f 25 

h < 3  

1,600 
(millinurn: 1,200) 
(- : 2,600) 

200 

400 
(EliniRIUm: 200) 
(maximum: 700) 



FIGURF; CAPTIONS 

Fig. 1. 

Fig. 2. 

~ i g .  6. 

~ Fig. 9. 

Schematic dise;rCnn of the plesxm probe a=d t;lock 
the electronic system. 

of 

Angular response curve of the probe for a parallel  beam of 
particles. The abscissa i s  the angle d between the normil 
t o  the cup and the direction of the incident beam. 
ordinate i s  the effective area of collection, normalized t o  
unity for perpendicular incidence. The dotted curve is the 
result of a computation based on the geuiuetry of the cup; 
the EeLid cume is the result of a W e c t  iaeas-tement made 
by means of a well collimated electron beam. 

The 

m l o r e r  10 (fkm the paper by Heppner, Ness, Scearce and =-, 1963). 
Showing the spin axis  of the s t e l l l t e ,  the normal t o  the cup 
n, the plasma velocity vector o, and i l lustrating the angles 
a , p , 6 *  
CqxLed a m e n t  sigaal for a parallel  beam of singly charged 
ions whose energy ( i n  ev) is 1.2 tws the modulatiw voltage. 
!The velocit3 vector lies in  the equatorial plane of the satel- 
l i t e  (a = 0 ). 
Fig. 4) and the ordinate is  the magnitude of the current 
relative t o  that corresponding to a ful ly modulated beam 
incident perpendicularly upon the probe. 

Ihe abscissa is the angle of rotation (see 

Response curves of the  probe for fully modulated parallel  
beams of ions forming different angles Q! with with equatorial 
plane of the satell i te,  
of collection A norpJAzed t o  unity for perpendicular 
incidence ( 

S a w  as Fig. 6,  with the efsectbve =ea a4 collection 
normalized t o  unity a t  = 0 . 
Distortion due t o  the non-linearity of the amplifier and 
the f in i te  time delay of the electronic circuits. 
dashed c u p s  c q s p o n d  toothe comp.jfted response curves 
for a = 0 , CI = 20 , a = 40 , a = 60 

The ordinate is the effective area 

gf = o ). 

The 

(see Fig. 7). 

Representation of the Exglurer 10 trajectory i n  a C a r t e s i a n  
coorainate system with the migin at the center of the earth, 
the x - d s  toward the sunt the z-axis toward the north 
ecliptic pole, and, therefore, the x-y plane coincident with 
the plane of the ecllptic. 
coordinate axes are rueamred in earth radii (Re). 
of the earth is in the direction of the negative y-axis. 

me distances marked on the 
The motion 



Fig. 10 . Projections of the trajectory of m l o r e r  10 on the x-y plane 
(the plane of the ecliptic), on the x-z plane and on the y-z 
plane (see Fig. 9). The l ine marlred "Equator" represents the 
intersection of the y-z plane with the equatorial plane of the 
earth- 
trajectory where substantial plasma fluxes were observed. "SC" 
represents the position of Explorer 10 at the t i m e  of the sud- 
den cannnencwnt. Dots represent positions f the sa t e l l i t e  
at &hr. intervals (25/20 means March 25, 28 W . T . ,  etc.). 

Heavy l i nes  by the curves represent sections of the 

Fig. 11. Polar frame of reference used t o  specify directions. 
We, 8 is  the latitude meamxred from the plane of the 
ecliptic, positive toward the north. 
longitude, measured fram the solar direction, positive toward 
the east. 

The 

llhe angle # is  the 

Fig. 2. hkrcator projection showing the folluwing: the direction A 
of the spin axis; the plane n traced by the AO& t o  the 
probe during the rotation of the setel l i te ;  the plane p &e= 
fined by the spin axis  and the solar direction; the directions 
(shaded mal areas) for which the probe w a s  insensitive; the 
"trindow" showing directions of the plasma wind consistent with 
the  measurements made beyond 21 Reo 

Explorer 10 telemetry sequence. 

Two samples of the telemetry records obtained during the 
third period at the 80, 250, 800 and 2300 volt modulation 
levels. The figure under each modulation voltege indicates 
the nominal flux corresponding t o  the peak of the current 
signal. Vertical lines represent times when the normal t o  
the probe was closest t o  the direction of t he  sun; thus the 
distance between txo consecutive vertical  l ines  represents 
one rotation period. Notice that the signal at the 80 volt 
level is belar the noise level i n  (a) and slightly above the 
noise level in (b). 

Fig. 13. 

Fig. 14. 

Fig. 15. Sample of the telemetry records obtained during the fourth 
period. 
volt modulation level, indicating the presence of a substan- 
tial number of protons with nan&nal energies samewhat greater 
than 800 ev. 

Notice the "horned" shape of the signal at the 800 

~ig. 16. Plasma and magneth f ie ld  measurements during the th i rd  and 
fourth periods of the flight. The magnetic f ie ld  data were 
provided t o  u6 by Dr. J.P. Heppner prior t o  their publication 
(see IrmSS). -stion marks i n  the plasma data indicate mis- 
sing measurements end the short horizontal bars i n  many of the 
2300 volt measurements indicate a shif% of the zero level i n  
the a @ i f l e r  output (see section IV-B). The different in- 
tervals Usted in  Table 1 are indicated by the numbeaslbave 
the plasma data. 



Mg. 19. 

Distribution of flux densities observed at the 800 and 2300 
volt levels duriag the third period. 

Directions of the magnetic f ie ld  observed jmmediately be" J. ore 
each Of the plasma readings at the 800 volt and 2300 volt 
levels during the t h i r d  period. 
strong;" Plasma signals; sol id dots refer t o  %e&" plasma 

signals. 

Open circles refer t o  n 

Average directions of the magnetic f ie ld  observed during 
the vsriaus tine intervals of the third period. 
refer t o  situations of type A; open circles refer t o  
situations of type B. Ihe number by each point specifies 
the time interval t o  which the point refers, as l is ted i n  
Table 1. 
spread i n  the directions of 'jB observed during t h i s  time 
interval. The line segment E E represents the m@ar 
displacement of the earth-safeldite line during the t i m e  
of observation. 

Solid dots 

The two bars crossing at point N0.2 rep-esent the 

Fig. 20. Plasna measurements at the 800 volt level orr e condensed 
t ime  scale. 

Fig. 21. " M a n i n a l  energy" distribution of plasma protons. Tne 
poists arc obtained from Table 5 (llcorrected" 

values experiment* for (2300) / (800) are used). The curves repre- 
sent theoretical spectra computed under the  assumption of 
a one-dimensional Ibxwellian distribution for the "thermal" 
velocities w i t h  the following arameters: 

(2) Eo = 420 ev, T = 2.6 X 16 OK. 
Comparison between observed current signals and theoretical 
curves which represent the response of the probe andoelectronic 
circui;Ss for a p a r d e l  beam of psrticles with CY = 0 

* 

(1) Eo = ko ev, T = 6.2 X 10 P OK 

Fig. 22. 

and 
a = b .  

Mg. 23. (a) memat ic  representation of the geomagnetic cavity 
predicted i n  the case of a Ilwving,perfectly cold inter- 
planetary plaama with no magnetic field. 

(b) lkntative model for the cavity and the stationary shock 
front produced by the interaction of the actual plasm wind 
with the geclPnagnetic field. 

Pictorial suuumry of combined results of Pioneer 1, Pioneer 4 ,  
a d  Explorer 32 concerning the boundary of the geomagnetic 
cavity and the location of the bow wave. 

Fig. 24. 

Hg. 2s. Intersection of the geanagnetic cavity with the plane of the  
trdectory uf R ~ l O r e r  10. !be cavity is assumed t o  have 
axial sy~llmetry around the direction of the "distant" wind 
(which I s  at 
ecliptic 
a conical tail with a half-angle at the vertex of 20'. 

t o  the solar direction i n  the plane of the 
), and to consist of a spherical cap Joining t o  



Fig. 26. ShariPg the directions of the "local" wind (5, 5 )  at 
the t h e  when plasma was first detected and au the end of 
the observing period. 

and the direction of the 

Directions of the magnetic f ie ld  observed i n  the vicinity of 
the transit ion Occurring during telemetry cycles No. lo& t o  
1055 (see Table 2). 
indicate successive measurements, made at i n t e n d s  of 2?28'. 
AU. points corresponding t o  measurements made before the 
transLtion (1 t o  6) fall within the small area enclosed by 
the dotted line. The point E indicates the direction from 
the earth t o  the satellite. 
plane tsngent t o  the ce-etic boundary at the moment of 
the transition, according t o  the schematic nodel of the geo- 
mgnetic cavity described i n  section VI-C. 
"pezpendicular" is the direction perpendicular to the tengent 
plane. 
transit ion the direction of' the magnetic field c a i  near t o  
the tangent plane. 

Shown also are the directions of 
the earth-satellite l ine ( ) at the same times, 

Fig. 27. 

PCMX Meted by consecutive n d e r s  

The so l id  curve represents the 

!&e point labelled 

There is no evidence Iran these data that duriLng the 
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